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The Advanced Rankine Cycle Space Nuclear Power System of c u r r e n t  
i n t e r e s t  t o  NASA/Lewis Research Center i s  a th ree- loop conf igura t ion  
i n  wh ich  the  pr imary  loap t rans fers  heat  f rom a n u c l e a r  r e a c t o r  t o  a 
power convers ion  loop where  e lec t r i c  power i s  generated. Waste heat 
f rom the  power conversion loop i s  t r a n s m i t t e d  by a t h i r d  l o o p  t o  a 
space r a d i a t o r  f o r  u l t i m a t e  r e j e c t i o n  t o  space. The h e a t  r e j e c t i o n  
l o o p  ( a c t u a l l y  f o u r  p a r a l l e l  u n i t s )  employs  electromagnetic pumps f o r  
t r a n s p o r t  o f  t h e  c o o l a n t  f l u i d .  The a n a l y t i c a l  s t u d y  documented i n  
t h i s  r e p o r t  examined t h e  f e a s i b i l i t y  o f  us ing  pass i ve  cap i l l a ry  pump- 
i n g  i n  t h e  h e a t  r e j e c t i o n  l o o p s .  
The c a p i l l a r y  pump concept i s  a two-phase system which transports 
thermal  energy  as  latent  heat o f  vapor i za t i on .  The m o t i v e  f o r c e  f o r  
c i r c u l a t i o n  o f  t h e  w o r k i n g  f l u i d  i s  t h e  p r e s s u r e  head generated by a 
c a p i l l a r y  s t r u c t u r e  i n  t h e  h e a t e d  r e g i o n .  The c a p i l l a r y  pumped system, 
cont ra ry  to  the  convent iona l  heat  p ipe ,  f lows vapor  and condensate i n  
t h e  same d i r e c t i o n  i n  a c losed sys tem;  separa t ion  o f  the  l iqu id  and 
vapor  occurs i n  the  condenser where t h e  l i q u i d  b r i d g e s  t h e  f l o w  passage. 
A lso,  the convent ional  heat  p ipe has w i  c k i  ng throughout the system 
whereas t h e  c a p i l l a r y  pumped loop  can be wicked only  i n  t h e  heated zone. 
The s tudy documented i n  t h i s  r e p o r t  c o n s i s t e d  o f  f o u r  m a j o r  
a c t i   v i   t i e s  : 
A l i t e r a t u r e  s u r v e y  t o  o b t a i n  i n f o r m a t i o n  a b o u t  c a p i l l a r y  
pumped systems, condensing heat transfer and  thermodynamic 
p roper t y  da ta  fo r  t he  cand ida te  work ing  f l u ids  ( sod ium,  
potass ium and ces ium),  and operat ing character is t ics  of  
Rankine  cycle  systems i n  space. 
1 
Analytical representation of a number of pumper conceptual 
designs and wick configurations. A design computer code 
was formulated t o  permit optimization of the heat rejection 
system  (pumper, radiator,  l ines) for the imposed heat loads. 
Formulation and operation of a performance computer program 
to evaluate the characterist ics of many coupled heat rejection 
loops for  design and off-design  operating  conditions. The 
e f fec t  of one or more r ad ia to r  fa i lures  was determined. 
Identification and examination of operating difficult ies as- 
sociated with liquid metal capil lary pumped systems. Where 
possible, design solutions t o  these problems are suggested. 
The wick/condenser configurations evaluated included the Stenger 
design where liquid is introduced a t  the center and heat i s  supplied t o  
the exterior o f  a porous plug wick, a conventional wick design which uses 
a r t e r i a l  headers t o  supply l iquid,  and the screen wick concept where 
the conventional wick i s  replaced by a simple screen displaced slightly 
from the heated wall. In the latter case,  heat transfer is  through the 
liquid space which also serves t o  dis t r ibute  l iquid from the a r t e r i a l  
feeds t o  the  screen  surface. The analysis showed t h a t  the  screen con- 
cept is substantially smaller and 1 ighter t h a n  the other two concepts. 
The heat transfer area requried (80 f t  ) was comparable t o  t h a t  required 
by the EM-pumped configuration (60 f t  ). 
2 
2 
The resul ts  showed t h a t  potassium i s  the preferable working f luid.  
Sodium  was eliminated because i t s  vapor pressure ( @  950°F) i s  not  suf- 
f i c i en t  t o  maintain  flow. Cesium  was found infer ior  t o  potassium in 




thermal   conductance.   Fur ther ,   the  potass ium  system i s  s l i g h t l y  l i g h t e r .  
It was n o t  p o s s i b l e  t o  e s t a b l i s h  t h e  optimum number o f  h e a t  r e j e c t i o n  
l o o p s  w i t h  f i n a l i t y .  C o m p a r i s o n  o f  t h e  s y s t e m  w e i g h t s  showed  a b road 
minimum between about 12 and 24 loops , b u t  t h e  w e i g h t  v a r i a t i o n  b e t w e e n  
t h e  minimum  and maximum was o n l y  10%.  From a c o n t r o l  p o i n t  o f  v i e w ,  
i t  appeared  tha t   about   24   o r  more l o o p s  w o u l d  b e  d e s i r a b l e .  F a i l u r e  
o f  one  loop  wou ld  then  rep resen t  on l y  a s m a l l  p e r t u r b a t i o n  t o  t h e  t o t a l  
system. The r e 1   i a b i  1 i ty, m a i n t a i n a b i l i t y  , and  manufacturabi  1 i ty a r e  
i m p o r t a n t   v a r i a b l e s   i n   m a k i n g   t h i s   d e c i s i o n .  The p r e l i m i n a r y   d e s i g n  
was based on a twelve loop system, a l though the per formance character-  
i s t i c s  can  be e a s i l y  r e l a t e d  t o  t h e  2 4 - l o o p  c o n f i g u r a t i o n .  
O p e r a t i o n a l  p r o b l e m s  o f  c a p i l l a r y  pumped systems  have  been  iden- 
ti f i e d  b y  t h i s  s t u d y  a n d  b y  o t h e r s .  Those  problems  which  appear t o  
be  most  t roub lesome are  s ta r t -up  and shutdown o f  the  sys tem wi thout  
f r e e z i n g  i n  t h e  r a d i a t o r ;  t h e  p o s s i b i l i t y  o f  n o n - c o n d e n s i b l e  gases 
a c c u m u l a t i n g  i n  t h e  s y s t e m  r e s u l t i n g  i n  i n t e r r u p t i o n  o f  t h e  pumping,  and 
o p e r a t i o n  i n  t h e  p r e s e n c e  o f  a c c e l e r a t i o n  f o r c e s ,  b o t h  o n  t h e  g r o u n d  a n d  
i n  space. P o t e n t i a l   s o l u t i o n s   f o r   t h e s e   p r o b l e m s ,   i n c l u d i n g  a gas 
t r a p  f o r  c o l l e c t i o n  o f  n o n - c o n d e n s i b l e  g a s e s  a n d  a w i c k e d  r e s e r v o i r  t o  
c o l l e c t  l i q u i d  d u r i n g  shu tdown   ope ra t i ons   a re   b r i e f l y   desc r ibed .  It 
i s  d i f f i c u l t  t o  a n a l y t i c a l l y  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  t h e s e  c o n c e p t s .  
It was c o n c l u d e d  t h a t  t h e  c a p i l l a r y  pump h e a t  r e j e c t i o n  s y s t e m  
concept  i s  f e a s i b l e  a s  a replacement f o r  c o n v e n t i o n a l  EM pumped systems 
and p o t e n t i a l l y  o f f e r s  s u b s t a n t i a l  a d v a n t a g e s  i n  w e i g h t ,  e l e c t r i c a l  
power and r e l i a b i l i t y .  A number  of troublesome operational difficult ies 
a s s o c i a t e d  w i t h  a c a p i l l a r y  pumped concep t  rema in  to  be reso lved.  
3 
1.0 INTRODUCTION 
The advanced Rankine-cycle space-electric-power system has been under 
study for several years by the National Aeronautics and Space Administra- 
t ion.  The configuration of cur ren t  in te res t  i s  a three loop  system i n  
which the primary loop transfers heat from a nuclear reactor t o  a power 
conversion  loop where e l e c t r i c  power i s  generated. Waste heat fromthe 
power conversion loop is transmitted by a t h i r d  loop t o  a space radiator 
for ultimate rejection t o  space. The heat rejection loop <actually four 
paral le l  uni ts)  employs a counterflow  condenser, an electromagnetic (EM) 
pump and a space  radiator. These components represent a sizeable fraction 
of the overall system weight (approximately 18% of the total  f o r  a n  unmanned 
spacecraft version) and require a total  of 11 KWe t o  drive the pumps. 
Of perhaps more concern i s  t h e  r e l i a b i l i t y  of the present heat rejection 
loops fo r  the long mission times considered and the severe weight penalties 
associated with providing system redundancy. 
The study documented i n  this  report  examined the  feasi  bi 1 i ty of 
replacing the present EM-pumped heat rejection loops with a completely 
passive  capillary pumped system. This conf igura t ion ,  f i r s t  proposed by 
Stenger ( l ) * ,  - i s  a two-phase system which transports thermal energy a s  
latent heat of vaporization rather t h a n  sensible heat of a l iquid.  The 
device, shown schematically in Figure 3-1, uses the capillary pressure 
head generated by the wick in the heated area t o  provide the motive force 
for  c i rculat ion o f  vapor t o  the condensing radiator and  for l iquid flow 
back t o  the h e a t  source.  Capillary pumping i s  a passive  surface  tension 
phenomenon with no e lectr ical  or  mechanical  energy requirements and 
potentially avoids the power and re l iab i l i ty  l imi ta t ions  of  EM-pumping. 
* Underlined numbers i n  parentheses refer t o  c i ted References l i s ted  
fol lowing Section 7. Conclusions. 
4 
A survey of the  l i t e ra ture  showed 
systems , comparable to  the one studied 
that  s tudies  of capillary-pumped 
here, have  been extremely sparse, 
References 1 ,  2 ,  and 3 are the only contributions which could be found. 
For the most par t ,  the  work reported i n  these references was experimental 
in  nature and provided  very l i t t l e  a n a l y t i c a l  background. The work 
discussed i n  th is  report  is  the f i r s t  major step to  ana ly t ica l ly  
characterize the performance of the capillary-.pump system for a par t icular  
application and t o  examine the operational advantages and d i f f i cu l t i e s  
encountered in that application. 
The primary objective of the present study was to  determine the 
f eas ib i l i t y  of using capillary pumping i n  the advanced Rankine cycle power 
system  heat rejection  loops. In support  of  this  goal, the following  tasks 
were performed : 
o A l i t e r a tu re  survey was conducted directed toward obtaining 
information a b o u t  capil lary pumped systems, condensing heat transfer 
and thermodynamic property data for the candidate working f lu ids  
(sodium, potassi urn, and cesium) , and operating characteristics 
and d i f f i cu l t i e s  of  Rankine cycle systems. 
o An analysis o f  various  conceptual pump designs and  wick 
configurations were made t o  establ ish a design o f  minimum s ize .  
A "design" computer program was formulated to optimize system 
s i ze  (minimum weight) for the imposed heat loads. 
o A "performance" computer program was formulated t o  compute the 
performance of  a ser ies  of capillary pump heat rejection loops. 
This program was also used to assess performance variations 
result ing from a radiator  fa i lure  and other off-design conditions. 
o An attempt was  made to identify and resolve operating difficulties 
associated with capillary pump systems. For the most part ,  these 
operational problems a re  n o t  amenable t o  analytical treatment 
and  would require experimentation for their complete ident i f icat ion 
and resol  uti on. 
5 
Section 4 .0 ,  Systems Analysis Model, describes the general heat 
rejection system configuration and presents the equations t o  simulate each 
of i t s  components. Section 5.0,  System Preliminary  design,  gives  the 
resu l t s  of applying the design and performance programs t o  determi ne the 
optimum working f luid,  the number o f  heat rejection loops, the final 
geometric configuration, and  t o  calculate the performance of the complete 
heat  rejection  system.  Section 6.0,  Systems Operational  Problems,  gives a 
discussion of operational  problems, and potential solutions t o  these 
problems. 
The Appendices contain the details  of the  analytical work. Appendix 
A ,  Conceptual Design Analysis, gives the mathematical analysis of specif ic  
capi l lary pump configurations. Appendix B, Fluid  Property  Equations, 
gives the capillary pump working f lu id  (sodium,  potassium, a n d  cesium) 
property  equations  obtained from the l i terature .  Appendix C ,  Design 
Computer Program; Appendix D ,  Performance Computer Program; Appendix E ,  
Radiator Optimization Program; and  Appendix F, Radiator Performance Sub-  
routine,  R A D P ;  each gives a complete description of the computer programs 
used in  this  study. The descr ipt ion is  in  suff ic ient  detai l  t h a t  the 
implementation of these programs on a d ig i ta l  computer can be accomplished 
quickly by any interested  organization,  Finally, Appendix G ,  Nomenclature, 
summarizes the  mathematical symbols used in the body of the report. 
6 
2.0 GENERAL SYSTEMS  REQUIREMENTS 
This study of capi l lary pumped heat rejection systems was directed 
specif ical ly  to  appl icat ion for the Advanced Rankine Cycle Power System 
(ARCPS). The operating conditions of the ARCPS and the environment  of i t s  
proposed space appl i cat i  on , therefore,  established the general systems 
requirements and constraints on the program reported. This section  provides 
a summary of these requirements as we1 1 as a brief description of the 
operation of the ARCPS. This information was extracted from the resul ts  
o f  design studies made  by  NASA/Lewis Research Center; the reader i s  
referred to Reference 4 fo r  a more complete account of the power system. 
The ARCPS i s  a space power sys tern employing a three loop 1 iquid metal 
c i r cu i t  as shown schematically i n  Figure 2-1. A nuclear reactor in the 
primary  loop is  cooled by liquid lithium. The l i thium, circulated by  an EM 
pump, passes from the reactor and through a counter flow boiler where 
heat i s  transferred to the potassi um working f lu id  of the secondary 1 oop. 
Superheated potassium vapor from the counterflow boiler passes to a t u r b o -  
a l ternator ,  a condenser, an EM pump, a preheater and  back t o  the boi ler .  
In the turboalternator the thermal energy i s  transformed into electrical 
energy so tha t  the  ex i t  potassium stream i s  of low pressure and sub- 
saturated temperature. Moisture separators in the turboal ternator divert  
hot liquid t o  furnish heat for the boiler preheater. The potassium  vapor 
i s  condensed by the heat rejection loop i n  a counterflow  condenser.  In 
the  conventional  system, the working f lu id  (NaK) i s  pumped from the condenser 
t o  radiators  for  waste heat rejection t o  space. 
Multiple loop heat rejection systems permit f a i lu re  of a single loop 
without  total  loss  of the system. As presently  conceived,  there  are  four 
separate heat rejection 1oopsD each w i t h  i t s  own condenser, pump and 
radiator.  Approximately 75% o f  system capacity can be maintained even 
i f  one loop f a i l s ;  e.g., by a meteoroid  penetration. The number of loops 
has been selected so tha t  the system meets this end-of-life requirement. 
7 
N t T   l H E R M A L   I N P U T  POWER 2.0 MW 
NET  SHAFT POWER 433 KW 
ALTERNATOR  OUTPUT 398 KW 
NET  UNCONDITIONED POWER TO USER 345 KWE 
NET  SYSTEM  EFFICIENCY 0.172 
TURBINE  BEARING 
LUBRICANT LOOP 
(POTASSIUM 1 
ALTERNATOR  BEARING  LUGRICANT 





PRIMARY SECONDARY BOILER  FEED  VALV  
SHIELD  SHIELD  HEATER 
WORKING F L U I D  
(POTASSIUM) 
F igu re  2-1.  ADVANCED  RANKINE POWER SYSTEM 
NOMINAL 300 KWe 
LOOP 
Table 2-1 presents pertinent system parameters for  the ARCPS with 
four conventional heat rejection loops; these data resulted from design 
calculations  provided by  NASA/Lewis Research Center. For comparison 
purposes, Table 2-2 provides a weight summary o f  the conventional ARCPS. 
Specific characteristics of the EM pumps and space radiators for the 
conventional  heat  rejection  loops  are  described i n  Table 2-3.  Additional 
general  systems  requirements imposed on this study by  NASA/Lewis Research 
Center are listed in Table 2-4. 
The geometrical constraints placed upon the system are  i l  lus t ra ted  in  
Figure 2-2. The r eac to r  i s  t o  be placed a t  t h e  cone apex with a shadow 
shield a t  i t s  base. These components are  located above A-A in  Figure 2-2. 
The potassium boi le r ,  pump, turbine,  and turboal ternator are located i n  
the section just below A-A, The capi 1 lary pump i s  t o  be placed a t  the t o p  
of the  following  section,  as shown in  Figure 2-3 .  The main radiators ,  t o  
which the pump re jects  heat ,  are  t o  be located around the outside of t h i s  
la t te r  sec t ion .  
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TABLE 2-1. NOMINAL 300 kWe ADVANCED RANKINECYCLE. POWER. SYSTEM 





Reactor power (net t o  system) kWt 2000 
Uncondttioned power to   user  kWe 345 
Cyc?e efficiency, net (uncond. t o  user/reactor) % 17.2 
PRIMARY LOOP (LITHIUM). 
Reactor out1 e t  temperature 
Reactor temperature drop, AT 
Pump inlet  pressure 
Loop pressure drop, AP 
Flow rate ,  l i thium 
Pump i n p u t  power 
POWER CONVERSION LOOP (POTASSIUM) 
Boiler inlet temperature 
Boiler inlet pressure 
Turbine inlet temperature 
Turbine inlet  pressure 
Potassium superheat 
Interspool moisture separation temperature 
Turbine qual i t y   a t  i nterspool  separator 
Interstage mois ture  removal temperature 
Turbine qual i ty  a t  in te rs tage  removal stage 
Turbine ex i t  qua l i ty  (@n+ + 0.80) 
Condenser i n l e t  temperature 
Condenser inlet  pressure 
Condenser exit temperature 
Condenser exit  pressure 
Boiler feed pump i n l e t  temperature 
Boiler feed pump pressure rise,  AP 
Boi ler  preheater  inlet   temperature 
Boiler preheater exit temperature 
Boiler flow rate 
Condenser flow r a t e  
Feed Pump i n p u t  power 
MAIM HEAT REJECTION LOOP (NaK) 
Radiator outlet temperature 
Radiator i n l e t  temperature 
Heat load, 4 segments, to ta l  
Flow r a t e ,  NaK, per segment 
Pump inlet  pressure 
Pump pressure rise,  P 
Radi a tor  1 oss 
Condenser  1 oss 
P i  p i n g  1 oss 
Pump i n p u t  power, per segment 
Radiator area, per segment, actual 
O F  ( O K )  2000 (1 478) 
O F  (OK) 100 (56) 
psia ( ~ / r n ~ )  40 (275800 
psi (N/m2) 12 (82740) 
#/sec ( Kg/sec ) 19.3 (8.75) 
k We 11.4 
O F  ( O K )  
psia ( N / m 2 )  
O F  ( O K )  
psia (N/m2)  
O F  ( O K )  
O F  (OK) 
% 
O F  (OK) 
% x 
O F  ( O K )  
psia ( N / m 2 )  
O F  ( O K )  
psia (N/m2) 
psi (N/m ) 
O F  ( O K )  2 
O F  ( O K )  
O F  ( O K )  
121 1 (928) 
184.6 1272820 
2100 t 1423) 
:633 [::;3890 













#/sec(Kg/sec) 2.08 i.943 
#/sec( Kg/sec) 1.80 ( .816 
kWe 10.7 
O F  ( O K )  
O F  (OK) 
kWt 1536 
#/sec(Kg/$ec) 7.9 (3.58) 
psia ( N / m  ) 10 68950) 
psi (N/m2) 1 2  182740) 
psi (N/m2) 4 (27580) 
psi ( N / M ~ )  5 (34475) 
psi ( N / m 2 )  3 (20865) 
kWe 2.75 
sq-ft ( m 2 )  190 (17.7) 
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TABLE ~~. "" 2-1, NOMINAL 300 kWe ADVANCED RANKINE CYCLE POWER SYSTEM (Cont'd) 
V. ALTERNATOR  LUBE AND COOLANT  LOOP (POTASSIUM) 
Heat  load,  to ta l  
Rad ia to r  ou t le t  tempera ture  
Rad ia to r  i n le t  t empera tu re  
Flow rate,  K 
Pump pressure r ise,  AP 
Pump i n p u t  power 
Radiator area, actual  
- - - .~~ 
VI. TURBINE  LUBE AND COOLANT LOOP (POTASSIUM) 
_L" p_ 
Heat load 
Flow ra te ,  K 
Pump pressure r ise,  AP 
Rad ia to r   ex i  t temperature 
Rad ia to r  i n le t  t empera tu re  
Pump i n p u t  power 
Radiator area, actual  
V I I .  ELECTRONICS  COOLANT  LOOP (DC 200) 
Radia tor  ou t le t  tempera ture  
Rad ia to r  i n le t  t empera tu re  
Heat  load,  to ta l  
Flow rate,  DC 200 
Pump pressure r ise,  AP 
Pump i n p u t  power (PMA) 
Radiator  area,  actua l  
kWt 78.1 
O F  (OK) 700 {644) 
O F  ( O K )  739 (666) 
#/sec(Kg sec 10.6  (4.81) 
p s i  (N/mi) ) 25 (1 72380) 
kWe 7.3 
s q - f t  (m2) 126 (11.7) 
kWt 22.5 
#/sec (Kg/sec ) 5.9  (2.68) 
p s i  (N/m2) 10 (68950) 
O F  (OK) 900 ( 755) 
OF ( O K )  920 ( 766) 
kWe 1.7 
sq - f t  (m2) 19 (1.77) 
OF ( O K )  140 
O F  ( O K )  150 
kWt 10.4 
#/sec (Kg/sec ) 2.1 ( .953) 
p s i  (N/m*) 60 (41  3700) 
kWe 1.2 
s q - f t  (m2)  325 (30.2) 
TABLE 2-2. NOMINAL 300 kWe ADVANCED RANKINE CYCLE POWER SYSTEM WEIGHT 
ESTIMATES . ” ”_ 
Reactor ( 2  M W t ,  0.7 B . U . ,  20,000 h r - l i f e )  
Reactor controls , dr ive ,  s t ruc ture  
Lithium  primary loop, total 
Power conversion  loop, K ,  to ta l  
Main heat rejection loop (NaK), t o t a l  
Radiators panels ( 4 ) ,  21 70 
Pumps (4 )  , 480 
Expansion tanks ( 4 ) ,  400 
Pi pi n g  , 430 
NaK inventory, included i n  above 
A1 te rna tor  cool ant 1 oop, K ,  to ta l  
Turbine  coolant  loop, K ,  t o t a l  
Electronic cool i ng 1 oop, DC-200 , to ta l  
Electrical  equipment, to ta l  
Structure (component & p i p i n g  supports, 










5  30 
1170 
3000 
Shielding shadow, unmanned, 10” halfcore 
angle, 150 f t .  d is tance to  pay1 oad) , to ta l  
Unmanned primary, 4000 
Manned (0.1% fission products leakage), 10,000 hrs. 
Primary , 3000 
Secondary , 7000 
Total : Unmanned 18,700 lbs=54.2 lbs/KWe net 
Manned 24,700 lbs=71.6 1 bs/KWe net 
(8482 Kg=24,6Kg/KWe net)  
(1  1204 Kg=32.5 Kg/KWe net)  
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TABLE 2-3. CHARACTERISTICS OF EM PUMPED HEAT REJECTION COMPONENTS - 




F1 u i d  
Flow rate,  #/sec (Kg/sec) 
Head rise,  psi ( N / m  ) 
I n l e t  pressure, psia (N/m ) 
Input power, kWe 
Efficiency, % 














TY pe  Armored tube a n d  f i n  
Number 
F1 ui d 
Maximum Temp. ,  O F  ( O K )  
Temp. drop, O F  ( O K )  
Tube & armor material 
F i n  materi a1 
Tube, i . d . ,  i n .  ( m )  
F i n ,  th ickness ,   in .  ( m )  
Meteoroid protection 
Survi vabi 1 i ty  




Effective sink temp., 
O F  ( O K )  






SS clad C u  
0.17  (.00432) 
0.025 (.00635) 
0.99 probability of no puncture in 
3 out of 4 
93.6 





760  (70.6) 
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TABLE 2-4. GENERAL SYSTEMS REQUIREMENTS FOR CAPILLARY PUMPED 
HEAT-REJECTION  SYSTEM 
Heat r e j e c t e d ,   i n i t i a l  1536 kW 
Condensi ng f 1 u i  d Potassi um 
Potassium Flow Rate 
Condenser i n l e t  qual i t y  
1.80 1 b/sec ( .816 Kg/sec) 
89% 
Condenser inlet  temperature,  
Condenser outlet  temperature,  
End-of-1 i fe   hea t   re jec t ion  capabi 1 i ty  75 percent   in i t ia l  (1 152 KW) 
Survi  Val probabi 1 i ty  0.99 & 0.999 
Pressure 1220"F, 5.4  psia (933"KS 37230 N / m 2 )  
Pressure  980"Fs  3.4  psia (800"K, 23440 N / r n 2 )  
Mission l i f e  
Condenser materi a1 
Radiator material 
C'leteoroi d c r i   t e r i  a : 
Meteoroid density 
20,000 hrs.8& 43,800 hrs. ( 7 . 2 ~ 1 0  SeC 8 
& 1 5 . 4 ~ 1 0   s e c )  
Cb-1 Zr 
Stainless  s teel  tube and armor; 
s t a in l e s s  s t ee l  c l ad  copper o r  
s t a i n l e s s  s t e e l  f i n s ;  i r o n  
t i t ana te   coa t ing ,  0.90 
0.5 gm/cm 3 
Relative  m teoroid  velocity 25 km/sec 
Constants for meteoroid equation N = Um-6 
c1 10-1 4 -41 gmI 22/,ZSec 
B 1.22 
Launch vehicle Two-stage Saturn V 
Radiator sink assumptions 
Radiator supported load 
(see Figure 2-2)  
300 nm equa to r i a l  o rb i t ;  r ad ia to r ' s  
ax i s  pa ra l l e l  t o  ea r th ' s  su r f ace ;  
sun a t  zen i th  
15,000 l b s . ,  10" half-cone angle 
(6810 Kg ) 
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\ 12 F t  
\, 8.1  F t  (2 .55m) 
I 
I 
( 1 0 . l r n )  
SATURN V t 
NOTES: NO SHROUD ON RADIATORS. 
1 5 0 0 0 #  SYSTEM  WEIGHT  APPLIED AT "a-a"  R I N G  
2EACTOR , S H I E L D  
INTERMEDIATE  RAL IATOR 
160 F t '  P V A I L A B L E  
( 1 4 . 9 m  ) 
M A I N  RAUIATOR 
840 F t L  A V A I L A d L E  
(78. l m 2 )  
LOW TEMPEKATUKE  RADIATOR 
360 F t '   F V A I L A B L E  
(33.5rn ) 
FIGURE 2-2. SCHEMATIC OF RAVKINE  SYSTEM ON 
2-STAGE  SATURY V 
FIGURE 2-3. L O C A T I O N   O F   T H E   C A P I L L A R Y  PUMPED 
H E A T   R E J E C T I O N   S Y S T E M  ON 2 -STAGE 
SATURN V 






3.0 CAPILLARY PUMP CONCEPTUAL DESIGN 
T h e  f o r m u l a t i o n  o f  a conceptual  capi  1 l a r y  pump u n i t   i s  a p rob lem o f  
des ign ing a w ick  and a r rang ing  i t  r e l a t i v e  t o  t h e  h e a t  s o u r c e ,  l i q u i d  
feed  and vapor e x i t  so as to obtain high thermodynamic and hydrodynamic 
e f f i c i e n c i e s .  T h i s  makes it p o s s i b l e  t o  b u i l d  compact pump u n i t s  w h i c h  
a re  l i gh twe igh t  and  wil fit e a s i l y  w i t h i n  t h e  geometry   avai lab le.   H igh 
thermodynami c and hydrodynamic  e f f i c ienc ies  are  mani f es  t by small tempera- 
tu re  d rop  f rom the  heat  source  and t h e  w i c k / v a p o r  i n t e r f a c e ,  and  low 
f r i c t i o n a l  p r e s s u r e  l o s s  o n  t h e  l i q u i d  s i d e .  
An e a r l y  t a s k  i n  t h i s  s t u d y  was t h e  g e n e r a t i o n  o f  a conceptual design 
and c o n f i g u r a t i o n  f o r  t h e  c a p i l l a r y  pump. The des ign  concept   se lected was 
t h e n  t o  be  used as the  bas i s  o f  a d e t a i l e d  comDuter proaram of the heat 
r e j e c t i o n  sys tem . 
The s t a r t i n g  p o i n t  f o r  t h i s  t a s k  was a c a r e f u l  a n a l y s i s  o f  t h e  
Stenger  type pump. The d e t a i l e d   r e s u l t s   o f   t h i s   a n a l v s i s   a r e   D r e s e n t e d  
i n  subsection  3.1, The S tenger  Cap i l l a ry  Pump Design. A f l a t  w i c k  c o n f i g -  
u r a t i o n ,   a r t e r i  a1 l y  f e d  1 i q u i d  on the  vapor  s i  de evolved as a p roduc t  
o f  t h e  a n a l y s i s  o f  S t e n g e r ' s  d e s i g n ;  t h i s  c o n c e p t  i s  a n a l y z e d  i n  s u b s e c t i o n  
3.2, C a p i l l a r y  Pump wi th   Convent iona l   Wicks .   Fur ther   cons idera t ion   p ro-  
duced a concept employing a s i n g l e  s c r e e n  w i c k  w i t h  an a r t e r y  l i q u i d  f e e d .  
The a n a l y s i s  o f  t h i s  c o n c e p t  i s  g i v e n  i n  s u b s e c t i o n  3.3, C a p i l l a r y  Pump 
w i t h  Screen  Wicks. 
3.1  The S tenger   Cap i l l a ry  Pump Design 
The Stenger- type  design i s  shown s c h e m a t i c a l l y   i n   F i g u r e  3-1.  The 
d i s t i n g u i s h i n g  f e a t u r e  o f  t h i s  d e s i g n  i s  t h a t  t h e  l i q u i d  i s  s u p p l i e d  t o  
the  w ick  f rom one s ide ,  hea t  i s  supp l i ed  th rough  the  wa l l  on  the  oppos i te  
s i d e ,  a n d  t h e  v a p o r  s p a c e s  a r e  c u t  i n t o  t h e  w i c k  o r  w a l l  a t  t h e  i n t e r f a c e  
between t h e  h o t  w a l l  and the wick.  The work ing f l  u i d  i s  v a p o r i z e d  f r o m  
the  sur faces  o f   these  vapor   spaces.   F igure 
i n  t h e  w a l l .  Thus, t h e   h e a t   i s   t r a n s p o r t e d  
r e c t a n g u l a r  c o n f i g u r a t i o n  o f  t h e  same b a s i c  
t h e  w i  ck m a t e r i a l  i s  shown i n  F i g u r e  3-2. 
3-1 shows the  vapor  spaces  cut  
t o   t h e   w i c k   t h r o u g h   f i n s .  A 
des ign but  vapor  spaces cut  i n  
17 
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FIGUXE 3-1. SCilEMATIC OF CYLINDRICAL CAPILLARY PUMP 
POTASSIUM 
VAPOR  FROM 
VAPOR 







VAPOR  PASSAGES 
v 
CONDENSED  POTASSIUM 
TO BOILER  FEED  PUMP 
CAP1  LLARY  PUMP1  NG 
MATERIAL 
FIGURE 3-2. SCHEMATIC  OF  CAPILLARY  BOILER 
I 
The c y l i n d r i c a l  c o n f i g u r a t i o n  shown i n  F i g u r e  3-1 was s u b j e c t e d  t o  a n  
e x t e n s i v e  a n a l y s i s  t o  d e t e r m i n e  t h e  a p p r o p r i a t e  s i z e  o f  pump r e q u i r e d  t o  
r e j e c t  t h e  t o t a l  w a s t e  h e a t  l o a d  imposed on the system and t o  d e t e r m i n e  
t h e  s e n s i t i v i t y  o f  t h e  s i z e  t o  changes i n  the  system  parameters.  The 
d e t a i l s  o f  t h i s  a n a l y s i s  a r e  p r e s e n t e d  i n  s e c t i o n  1 o f  Appendix A, A n a l y s i s  
of Stenger Type Cy1 i n d r i c a l  Capi 1 l a r y  Pump. T h i s  a n a l y s i s  o p t i m i z e d  t h e  
pump by  de termin ing  the  pump d imensions which resul ted i n  a minimum h e a t  
t rans fe r   a rea .   Th i s   a rea  was f o u n d   t o  be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
s q u a r e  r o o t  o f  t h e  f i n  t h e r m a l  c o n d u c t i v i t y  and t h e  v a p o r  f l o w  v e l o c i t y .  
There fore  , i n c r e a s i n g  t h e  c o n d u c t i v i t y  or t h e  v e l o c i t y  r e s u l t s  i n  a 
r e d u c t i o n  o f  r e q u i r e d  h e a t  t r a n s f e r  a r e a .  The a n a l y s i s  r e s u l t s  showed t h a t  
t h e  v a p o r  v e l o c i t y  a t  t h e  e x i t  o f  t h e  v a p o r  space was a m a j o r  f a c t o r  i n  
l i m i t i n g  t h e  a x i a l  l e n g t h  o f  t h e  pump. I n c r e a s i n g   t h e   f i n   l e n g t h   o r  
i n c r e a s i n g  t h e  g a p / f i n  r a t i o  p r o v i d e s  more vapor volume but a t  t h e  expense 
of temperature drop which, i n  t u r n ,  adds s u b s t a n t i a l l y  t o  t h e  o v e r a l l  
r ad ia to r   we igh t .   The re fo re ,  t o  r e j e c t  t h e  t o t a l  s p e c i f i e d  h e a t  l o a d  w o u l d  
r e q u i r e  a v e r y  l a r g e  number o f  s h o r t  pumpers; 755 f o r  t h e  sample  case 
g i v e n  i n  t h e  Appe 'nd ix .   Fur ther ,   to   ma in ta in  a temperature  drop  across  the 
w a l l  of about 30°F (17°K) , t h e  t o t a l  h e a t  t r a n s f e r  a r e a  r e q u i r e d  i s  o f  t h e  
o r d e r  300 ft2 (28m'). This  i s   f i v e   t i m e s   t h e   h e a t   t r a n s f e r   a r e a   u s e d   i n   t h e  
s i n g l e  phase NaK heat  exchangers i n  t h e  p r e s e n t  d e s i g n  ( s e e  S e c t i o n  2.0, 
System  Requirements).   Since  th is limit i s  hydrodynamic,  there i s  no  advantage 
i n  c u t t i n g  t h e  v a p o r  passages i n t o  t h e  w i c k  t o  c r e a t e  more wick/vaDor area 
f o r  vapor generat ion,  
These c a l c u l a t i o n s  c l e a r l y  show that vapor passages between the wick 
and t h e  h o t  w a l l  i s  i n h e r e n t l y  1 imi t e d  i n  c a p a c i t y .  T h i s  r e s u l t ,  p l u s  t h e  
packaging  advantages i n  u s i n g  a f l a t  c o n f i g u r a t i o n  i n s t e a d  o f  c y l i n d r i c a l ,  
l e d  t o  t h e  pumper concept analyzed i n  t h e  f o l l o w i n g  s u b s e c t i o n .  
3.2 C a p i l l a r y  Pump wi th   Convent ioca l   Wick  -~ 
A " f l a t "  c o n f i g u r a t i o n  was d e r i v e d  w h i c h  u s e s  a r t e r i e s  t o  d i s t r i b u t e  
t h e  l i q u i d  on  the  vapor  s ide of the  wick.   This  arrangement i s  shown 
conceptual  l y  i n  F igure  3-3. 
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FIGURE 3-3. SCHEMATIC OF CAPILLARY PUMP CELL 
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T h i s  configuration was also analyzed i n  detai 1 ,  the detai 1s being 
presented i n  Section 2 of Appendix A. The analysis, again, optimized the 
pump by determining the system dimensions which w i  11 reject the required 
heat 1 oad w i t h  a minimum heat transfer area. The wall t o  vapor tempera- 
ture difference was limited t o  3OoF (17°K) t o  prevent nucleate boiling 
problems. The resul ts  showed that  very thin wicks were required (-0.02 f t  
(0.006m) for typical materials) and t h a t  the total heat transfer surface 
area would  be large compared t o  that required i n  the conventional EM-pumped 
heat rejection. For example, if  the l iquid feed arteries are separated by 
one foot,  185 f t  (17.2m ) of wick surface  area  are  required. Note, t h a t  
the 30°F (1 7°K) temperature drop does n o t  include t h a t  across the condensing 
potassi u m  f i  lm o r  across the separating wall. 
2 2 
The resul ts  c lear ly  show that  a f l a t  wick system with feed arteries on 
the vapor side gives much greater efficiency than the Stenger pump (nearly 
a 50% reduction in heat transfer area for comparable frictional pressure 
loss on the 1 iquid si de and temperature drop). The heat transfer area, 
however, i s  s t i l l  t h r e e  times larger than  t h a t  required by the conventional 
system. 
3.3 The Screen Wick Design 
The capillary pumps described above use conventional f ine pored wicks. 
Liquid  flow through these wicks i s  a very dissipative process, and the 
pump i s  hydrodynamically ineff ic ient .  In order  to remove the imposed 
heat l o a d  with the small temperature drop desired and low fr ic t ional  
pressure d r o p ,  f a i r ly  1 arge heat transfer areas are required w i t h  1 iquid 
feed arteries closely spaced. To a l lev ia te  th i s  problem, the  composite- 
wick concept, widely used in heat pipe design, was applied to the capillary 
pump. This  concept  recognizes t h a t  i t  i s  only  the f i  
the saturated wick  which provides capillary pumping. 
dimensional wick i s  necessary. The third dimension, 
flow, can  be devoid of solid obstructions, thereby mi 
resistance. 
ne-pored surface of 
Thus, only a two- 
necessary for 1 iquid 
nimizing flow 
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The screen wick concept was analyzed i n  considerable detai 1 t o  
determine the required system dimension for achieving the system require- 
ments. The detai 1s of these analyses are presented i n  section 3 of 
Appendix A. 
In this analysis, the parameters o f  gap spacing, temperature d rop  
and artery spacing were allowed to  vary and the total heat transfer area 
required to remove the total heat load was calculated. The heat source 
temperature, the screen mesh (400), the working fluid (potassium) and the 
allowable  pressure  loss i n  the l iquid were fixed.  Figures A-9, A-10, and 
A-11 show the init ial  analysis results.  These results appear very encour- 
a g i n g  since they show that  only a b o u t  30 f t  are required as compared to  
185 f t  and 300 f t  f o r  the two previous  concepts under the same operating 
conditions. However, gap widths  (wall t o  screen) of less  t h a n  10 mi 1s were 
calculated. From a practical standpoint, i t  was f e l t  t h a t  15 mils  spacing 
represented a lower value. Thus, the area required for the screen wick, 
f o r  comparable temperature and pressure drops as used above, increases t o  
about 80 f t  (7.45m ) (the present EM-pumped system ut i l izes  60 f t  ). 
2 
2 2 
2 2 2 
This resu l t ,  however,  shows t h a t  the screen wick i s  subs tan t ia l ly  more 
e f f ic ien t  t h a n  the other concepts considered. 
An analysis was carried o u t  to  determine the performance improvement 
obtainable by tapering the screen-heated wall spacing away from the feed 
artery.  An improvement i n  performance i s  expected because of the  decreas- 
ing fluid flow r a t e .  I t  was found tha t  an  optimum angle of only about 1/6 
degree existed and t h a t  the improvement in performance was about 4%. The 
benefits are not compatible w i t h  the increase in fabrication problems and, 
consequently, further analysis was confined to the parallel screen geometry 
because of the inherent simplicity of manufacture. 
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FIGURE 3-4. SCHEMATIC OF C A P I L L A R Y  PUMP U T I L I Z I N G  
BOTH  ARTERIES AND COMPOSITE  WICK 
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A word i s  i n  o r d e r  a t  t h i s  p o i n t  r e g a r d i n g  t h e  f a b r i c a b i l i t y  o f  t h e  
screen  wick  design  concept.  Referr ing  to  Figure 3-4, it i s  e n v i s i o n e d  
t h a t  t h e  f i r s t  u n i t  c o u l d  be made by  mach in ing  ou t  t he  l i qu id  a r te r i es  
and vapor escape holes i n  a so l  i d  metal sheet t o  f o r m  t h e  a r t e r y  g r i d .  
Fine screenwi re (% 400 mesh) would then be stretched over the face o f   t h e  
g r i d  and the assembly sintered. Note that there must be no passages 
between the 1 i q u i d  feed a r t e r i e s  and the vapor space greater than the 
opening i n  t h e  screen. Spacer nubs would be machined a t  a p p r o p r i a t e  i n t e r -  
va ls  on the sur face of  the condenser  duct  to  accurate ly  mainta in  screen-  
heater  surface  spacing. The ar te ry  g r id /sc reen assembly  would  then  be 
pos i t i oned  and  welded to the surface of  the condenser duct.  Final ly,  
the  vapor chamber i s  welded t o  t h e  a r t e r y  g r i d .  S t r u c t u r a l  s u p p o r t  wil be 
necessary to maintain dimensional  constraints for  the vapor chanber and 
the condenser duct. 
Based on the  resu l ts  o f  the  ana lyses  descr ibed above and a cursory 
examination o f  t h e  problems o f  f a b r i c a t i o n ,  i t  was concluded that  the 
screen wick design of fers substant ia l  advantages over the other concepts 
s tud ied wi th  respect  to  per formance , temperature di f ference , requ i red  
area  and probab ly  overa l l  we igh t .  In  add i t ion  , the  inherent  simp1 i c i  t y  
of fers  obvious  fabr icat ion  advantages.  Consequent ly,   the  screen  wick 
design was s e l e c t e d  f o r  t h e  d e t a i l e d  system design and performance 
s tud ies  desc r ibed  in  the  fo l l ow ing  sec t i ons .  
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4.0 SYST;EM ANALYSIS MODEL 
This section of the report presents a description of the system analysis 
method, i ncl ud inq  the equations used to analyze each system component, 
the assumptions made i n  deriving and solving these equations and the boundary 
condi t i  ons requi  red fo r   t he i r   so l  u t i  on. 
4.1 CAPILLARY PUMP MODEL 
A physical model of the capillary pump and the heat rejection system 
was. derived as a resu l t  of the conceptual design studies reported in 
Section 3. This  model, which forms the basis of the computer programs 
developed, i s  described i n  th is  sect ion.  
The basic configuration of the capi 1 lary pump i s  t h a t  shown i n  Figure 
3-4  and Figure 4-1. These drawings show a long, narrow rectangular potas- 
sium condenser  channel w i t h  pumps attached t o  the long sides.  The pump i s  
a rectangular chamber i n t o  which a network of a r t e r i e s  is  bu i l t  t o  carry 
the working fluid to the screen wick. The pump possesses the following key 
features.  
A screen is placed a fixed distance from the condenser channel wall. 
L i q u i d  i s  fed into the artery g r i d  from one s ide ( the bottom of Figure 4-1) 
where i t  flows into the space between the h o t  wall and the screen. The 
vapor generated a t  the screen flows t o  the  ex i t  ports where i t  enters a 
collection manifold and is transported t o  the condensing radiator. 
The dimensions of the pumper  which enter the design program as  f ree  
parameters are the w i d t h  between the h o t  surface and the screen (gap  width), 
the half distance between a r t e r i e s  (element half w i d t h ) ,  the heat transfer 
area and the radius of the holes i n  the screen (capi 1 lary effective radius ) . 
The design program was used t o  determine the value of these parameters 
which resulted i n  a minimum heat rejection loop weight. 
The screen wick must be supported during the pump operation because of 
the  small  pressure  difference  across i t .  This suppor t  i s  envisioned t o  be 
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F IGURE 4-1. C A P I L L A R Y  PUMP PHYSICAL  MODEL 
screen o f  c o n t r o l l e d   t h i c k n e s s ,   p l a c e d   b e h i n d   t h e   w i c k .  The f i r s t  
method g lves  lower  p ressure  drop  fo r  f low beh ind  the  screen,  bu t  i s  
p robab ly  more d i f f i c u l t  t o  manufacture.   Both  methods  appear  feasible.  
I n i t i a l l y ,  i t  was supposed t h a t  each  pumper s t radd le  the  po tass ium 
condenser channel. and the vapor generated on  each s i d e  was mi xed i n  a 
common h e a d e r   b e f o r e   b e i n g   t r a n s p o r t e d   t o   t h e   r a d i a t o r .  The perforl l lance 
program was w r i t t e n  on t h i s  s u p p o s i t i o n  so  t h a t  t h e  h e a t  r e j e c t i o n  l o o p s  
were i n  s e r i e s .  Thus , t h e  s t a t e  p r o p e r t i e s  o f  t h e  c o n d e n s i n g  p o t a s s i  um 
l e a v i n g  l o o p  n w e r e  t h e  i n p u t  c o n d i t i o n s  f o r  1 oop n t l  . L a t e r ,  i t  was 
f o u n d  t h a t  some s i m p l i f i c a t i o n  o f  t h e  s y s t e m  p l u m b i n g  c o u l d  be r e a l i z e d  
by  hav ing  each loop take  heat  f rom on ly  one s ide  o f  the  condenser  channe l  
I n  t h i s  case,  each  two  loops  are i n  pa ra l l e l .   Fo r   examp le ,   l oop  1 and 2 
a r e  s u b j e c t e d  t o  t h e  same condens ing   po tass ium  cond i t ions .  A method  had 
t o  be  de r i ved  whereby  the  se r ies -pa ra l l e l  comb ina t ion  o f  l oops  pe r fo rmance  
cou ld   be   ob ta ined  f rom a pure   ser ies   ca lcu la t ion .   Th is   method wil be 
discussed i n  S e c t i o n  5. 
4.2 CAPILLARY PUMP EQUATIONS 
Cons ider  F igure  4-2, which shows a s c h e m a t i c  o f  t h e  c a p i l l a r y  pumped 
h e a t   r e j e c t i o n   l o o p .  The c i r c l e d  numbers a r e   p o i n t s  where   the   s ta te   o f  
t h e  w o r k i n g  f l u i d  i s  t o  be de termined.   Po in t  1 i s  t h e  vapor e x i t  o f  t h e  
pump. Region 1 --L 2 i s   t h e   v a p o r   l i n e   l e a d i n g   t o   t h e   r a d i a t o r .   P o i n t  3 
i s  t h e  e x i t  o f  t h e  r a d i a t o r  and r e g i o n  3 -+ 4 i s  t h e  l i q u i d  r e t u r n  l i n e  
f r o m  t h e  r a d i a t o r  t o  t h e  pumper. 
The equat ions  must  be  solved  for   two  types o f  problems, ( 1 )  a des ign 
s o l u t i o n  and ( 2 )  a per fo rmance  so lu t ion .  The des ign  program  begins  wi th  a 
s p e c i f i c  DumD design,  imposed  source  and  s ink  temperatures  and  heat  input 
r a t e  and ca l cu la tes  the  co r respond ing  oPtimum  (minimum w e i g h t )  r a d i a t o r  
dimensions. The Derformance  program  begins  wi th a g i ven  1 oop des ign   (bo th  
pump and r a d i a t o r ) ,  imposed  source  and  s inh  temperatures  and  calculates 
Derformance o f  a s e r i e s  o f  i d e n t i c a l  c a p i l l a r y  pumped loops a t tached  t o  
the  source.  
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FIGURE 4-2. CAPILLARY  PUMPED  HEAT  REJECTION 
LOOP  SCHEMATIC 
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The thermodynamic and physical properties are functions of tempera- 
ture i n  the  analysis. The equations which define these functionalities are 
presented in Appendix B. 
Since the analyses t o  be performed are steady state, the presentation 
t o  fol1 ow can be. simp1 i fied by giving the overall conservation of mass 
equation as 
W i  = W = Constant 4-1 
This s ta tes  t h a t  the mass flow rate a t  any point ( i )  in the system i s  
constant. The equations t o  follow are written with one flow ra te ,  W .  
Heat,  given up  by the condensing potassium, i s  conducted t h r o u g h  
the condenser wall , working fluid fi lm and screen wick t o  the 1 iquid-vapor 
interface. The interface temperature is spatially constant and  working 
fluid is  neglected.  Thus, the  process i s  j u s t  condensation and conduction 
and can be represented by 
The heat transfer coefficient 
1 -  1 A X w  AXf 
"- + - + +  " hc kw kf 
The energy conservation equation i s ,  simply, 




The variable h l  i s  the saturation enthalpy of the working f l  uid vapor a t  
T, and thus these two variables are re1 ated by a thermodynamic equation 
from Appendix A. 
The highest pressure in the system i s  P, which is the saturation 
pressure o f  the working f luid a t  the temperature T, . These variables are 
also related by the vapor equations from  Appendix B. 
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The  momentum equation for f 
P1-P4 = $- 2 K - 1 
low t h r o u g h  the pumper i s  
The f i r s t  term i s  the pressure rise due to  capi 1 lary forces which 
will adjust, t o  a l imit  of K = l ,  t o  match the pressure losses in the system. 
The second term i s  the pressure loss due t o  momentum gain o f  the working 
f luid upon  evaporation and the las t  i s  the friction pressure d r o p  in the 
liquid flow. 
4.3 VAPOR TRANSPORT LINE 
The vapor l i n e  i s  assumed t o  be adiabatic and therefore the conserva- 
tion of energy equation states t h a t  
T1 = T2 4-6 
The  momentum equation gives the pressure drop in this 1 i ne as ,  
4-7 
where the  f r ic t ion factor  assuming turbulent flow i s  given by Blasius 
equation, 
0.0791 4-8 
Substitution of equation 4-8 into 4-7 gives 
4-9 
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4.4 LIQUID TRANSPORT LINE 
The l iquid l ine i s  also assumed t o  be adiabatic a n d ,  
T3 = T4 
The pressure drop through the l iquid l ine is  given by an  equation 
similar t o  equation 4-9,  again assuming turbulent flow. 
I t  i s ,  0.25 1.75 
-8 34 = 0.0379 (10 ) AP3 +4  pL  (k) D41 .25 
4.5 RADIATOR/CONUENSER 
4.5.1 Heat Transfer  Analysis 
4-10 
4-1 1 
Heat rejection in the radiator involves convection from the fluid t o  
the tube wall, conduction from the tube t o  the fins and radiation from the 
tubes and f ins  t o  space. 
Heat Transfer Equations 
The analysis technique i n  the radiator involves dividing the r a d i a t o r  
into  ten  longitudinal  increments. Heat balance  equations  are  solved t o  
determine the outlet conditions of each incremental element for known i n l e t  
conditions. Calculation starts a t  the  condenser i n l e t  and marches t o  the 
out le t .  A representative element i s  shown in  Figure 4- 3 .  
The radiation fin effectiveness i s  ut i l ized t o  account for temperature 
drop from the  tube t o  f in .  Heat transfer in the direction parallel t o  the 
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FIGURE 4-3. RADIATOR ELEMENT 
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Heat  t rans fe r  f rom a rad ia to r  e lemen t  can  then  be expressed as: 
Q = E . a . ~  t t  .N .AL (T: - TJ+ E . u - ~ t . ~ t * A ~ . n ( ~ w  4 - T~:) 4-1 2 
where Tw and TS a re  the  tube  wa l l  and  s ink  tempera tu res ,  respec t i ve l y ,  and 
q i s  t h e  mean f i n   e f f e c t i v e n e s s   f o r   t h e   e l e m e n t .   F i n   e f f e c t i v e n e s s   t a b l e s  
a re  i nc luded  as p a r t  o f  b o t h  t h e  d e s i g n  and  performance  computer  programs. 
The f i r s t  t e r m  i s  h e a t  t r a n s f e r r e d  f r o m  t h e  f i n  a r e a  u n d e r  t h e  t u b e  
which i s  assumed t o  have an e f fec t i veness   o f   one.  The f i n  e f f e c t i v e n e s s  
i s  determined for each element and assumed t o  be un i fo rm over  the  e lement .  
Temperature o f  t h e  w a l l  i s  assumed c o n s t a n t  f o r  each  element. 
The h e a t  t r a n s f e r  b y  r a d i a t i o n  i s  e q u a l  t o  t h a t  t r a n s f e r r e d  t o  t h e  
tube  inne r  wa l l  by  convec t i on :  
Q = h*At *  (T f  - Tw) 4-1 3 
I n  t h e  c o n d e n s i n g  s e c t i o n ,  t h e  f l u i d  t e m p e r a t u r e  o v e r  an  element i s  assumed 
cons tan t  and s e n s i b l e   h e a t   t r a n s f e r  is neglected. The hea t   t rans fe r   f rom 
t h e  f l u i d  i s  e q u a l  t o :  
Q = W * A  (Xin - X o u t )  
I n  t h e  s u b c o o l e r  s e c t i o n ,  t h e  
Q =  
Heat  T rans fe r  Coe f f i c i en ts  
Condensing heat  t ransfer  
h e a t  t r a n s f e r  i s  expressed by: 
c o e f f i c i e n t s  w e r e  i n p u t  as c o n s t a n t  f o r  
4-1 5 
4-1 5 
each f l u i d .  Values  used  were: 
Potassium = hc= 10,500 B t u / h r - f t  O F  (Reference 5 )  2 









Resistance of the l iquid fi lm was neglected i n  condenser section heat 
t ransfer  calculat ions.  Assuming a l iquid-vapor  velocity  ratio of one,  the 
fol lowi n9  Table 4-1 gives the conductance o f  the 1 i q u i d  layer as a function 
o f  local  f luid qual i ty ,  X, f o r  potassium. 
I" "i= 
Table  4-1.  Film  Conductance Versus Quality 
. . -.-. . _"." - - - - 
Film Conductance (Tube D=l"),  B t u / h r  ft2"F ( k w / m 2  OK) __"  . - ~ "" -. . . " "  _" - _"- - - - - 
1 o5 34 x lo3 
1 o5 11.3 x l o 3  
1 o5 1.25 x lo3 
. O l  0 .1  x l o 5  . O W  x l o 3  I .05 1 x lo5 .57 x l o 3  1 ""- ." . .. 
As can  be seen from Table 4-1 , t he  f i  lm conductance becomes o f  the same 
order o f  magnitude as the condensing heat transfer coefficient (10 ) only 
very near the end o f  the condensing section; ie. , small qua l  i ty , and there- 
fore neglecting the film resistance introduces a small e r ror .  
4 
The heat transfer coefficient in the radiator sub-cooler section is 
based on a correlat ion of  Nusselt number versus Peclet number as recommended 
by Reference 7. 
Nu = 0.625 Pe' 4 4-16 
Sink Temperature 
Direc t  so la r ,  ear th  a1 bedo and earth thermal heat i n p u t s  to  the  
radiator exterior surface,  averaged over one orbit ,  are approximately 
120 Btu/hr-ft (0.378 %-) a 300 n .m.  ea r th   equi tor ia l   o rb i t  was assumed. 2 
InL 
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This gives a n  equivalent sink temperature for the r a d i a t o r  of  68°F (293°K) 
which  was used as i n p u t  t o  the optimization and performance program. A t  the 
nominal radiator temperature (12OO0F, 922'K) the influence of this sink is 
negl i gi ble. 
4.5.2 Radiator Pressure Drop Calculations 
The overall static pressure change between in l e t  and out le t  of the 
radiator   is  subdivided as fol lows : 
1 .  In1 e t  header frictional  pressure loss 
2 .  Header-to-radiator  turning a n d  entrance loss 
3 .  Two phase fr ic t ional  condensing pressure d rop  
4 .  Pressure r i s e  due t o  momentum recovery of condensed liquid 
5. Frictional loss in  liquid  subcooling  section. 
6 .  Tube t o  e x i t  header turning 1 oss 
7 .  Exit  header frictional  pressure loss 
Inlet  Header Frictional Loss 
The headers are designed internal t o  the computer  programs such t h a t  
the vapor  velocity i s  constant t h r o u g h o u t  the  header. The velocity used 
in the header design i s  the same as t h a t  a t  i n l e t  of the r a d i a t o r  tubes. 
Pressure drop is calculated from the following equation using the average 
header diameter. 
4-1 7 
Turbulent flow i s  assumed with no check of the Reynolds  number. 
Inlet  Turning and Entrance Losses 
Entrance and turning losses are assumed t o  be equal t o  one velocity 
head. 
Two Phase Pressure Drop 
In analyzing two-phase frictional pressure d r o p ,  i t  i s  convenient t o  
i ntroduce the Lockhart-Marti ne1 1 i  frictional  pressure drop modul us, 
defined  as : 
36 
4-1 8 
The quantity, la2, i s  a measure of the influence of the 1 iquid phase on the 
loss  in  pressure due t o  f r ic t ion .  Accepting this correlation, the problem 
reduces t o  determining  the  value of 0 consistent with the existing two- 2 
phase flow pattern. 
A rough wall model  was developed for the turbulent-turbulent 
regime (g) .  Comparisons of th i s  model with tes t  resu l t s  for  potassium 
are given in Reference  13. The correlation  involves an experimental  correct- 
ion of the original Lockhart-Martinelli correlation using Refrigerant 11 .  
Formulation o f  the correlation is:  
Where the re1 ation for Ce i s  
Ce = 0 . 1 ,  e L 57.23 
Ce = 4.182/@ '9225, 57.23 < e < 327.59 
Ce = 0.02,  e 2 327.59 
@I i s  a function o f  the  quantity, K, below. 
9 




The $9 V . S .  K re lat ion is  given in Figure 4-4 (8 ) .  - Investigation of flow 
regimes in typical optimum weight radiators shows t h a t  in all cases the 
vapor flow is turbulent.  The film Reynolds number i s  in  the  laminar regime 
for a substantial length of the radiator, The above correlation has been 
uti 1 i zed a1 t h o u g h  i t   i s  recognized t h a t  in most o f  the radiator the film 
Reynold's number i s  below t h a t  where experimental ver i f icat ion is  avai lable .  
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FIGURE 4-4. LOCKHART-MARTINELLI PRESSURE DROP 
CORRELATION FOR TWO PHASE FLOW 
I n  t h e  computer  programs  developed, the condenser section i s  d i v i d e d  
in to  ten  inc rements ,  The pressure  drop i s  c a l c u l a t e d  f o r  each  increment 
us ing  1 oca1 f l  u i  d cond i t ions  and t h e   t o t a l  two-phase drop i s   c a l c u l a t e d  by 
summing a l l  i nd i v idua l  i nc remen t  p ressu re  d rops .  
4.5.3 - PressuKe Rise Due t o  Momentum Recovery 
There i s  e s s e n t i a l l y  no l i q u i d  p r e s e n t  a t  t h e  condenser i n l e t  
( X  = 1.0) and a t  t he  condensa t ion  i n te r face  the  l i qu id  ve loc i t y  i s  assumed 
zero;   therefore,   there i s  no  change i n  l i q u i d  momentum. Since  there i s  no 
vapor momentum a t  t h e  i n t e r f a c e  ( z e r o  v e l o c i t y  and f l o w  r a t e )  t h e  momentum 
pressure recovery becomes : 
A P  = 
mom vapor 
4-22 
4.5.4 L i q u i d  Phase Pressure  Drop 
F r i c t i o n a l  l o s s e s  i n  t h e  s u b c o o l e r  and e x i t  header where 1 i q u i d  phase 
ex is ts ,  have been neglected because o f  t h e  l o w  v e l o c i t i e s  and s h o r t  f l o w  
path i nvol ved . 
4.6 METEOROID PROTECTION 
C a l c u l a t i o n  o f  r e q u i r e d  t u b e  w a l l  th ickness t o  prevent meteoroid 
puncture requi  res re1 at ions for  penetrat ion th ickness and s p e c i f i c a t i o n  
o f  the  meteoroid  environment. The fo l low ing   penet ra t ion   equat ion  was 
adopted (9 ) ;  
4-23 
where the terms are explained i n  Appendix G. 
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S p e c i f i c a t i o n  o f  t h e  m e t e o r o i d  e n v i r o n m e n t  i n  a d d i t i o n  t o  t h e  v e l o c i t y  
and dens i t y  mus t  i nc lude  a r e l a t i o n  between the f l u x  d e n s i t y  and mass, 
N = cr-m - B  4-24 
where N i s  t h e  f l u x  d e n s i t y  o f  m e t e o r o i d s  w i t h  mass g r e a t e r  t h a n  m. The 
constants  CL and B a r e  s p e c i f i e d  as 
f3 = 1.22 
The above r e l a t i o n s  must be combined w i t h  a probabi  1 i ty  equation. Assuming 
a Poss i   on  d i  stri b u t i  on : 
1 
1 X=N' e-n*p(n.  ) X P ( N ~ N  ) =x 
x=o X! 
n - p  = c r i  t 
- B . p A  
4-25 
4-26 
M c r i  t = Minimum mass which wil g i v e  p e n e t r a t i o n  
T = Miss ion  t ime 
A = Vulnerable area 
Equation 4-26 can be used t o  e l im ina te  the  me teo ro id  d iamete r  f rom equa t ion  
4-23 and a1 l o w  c a l c u l a t i o n  o f  t h e  t h i c k n e s s  r e q u i r e d  f o r  a g i v e n  number o f  
p e n e t r a t i o n s   a n d   p r o b a b i l i t y .  The meteoroid  d iameter  which  must be 
d e s i g n e d  f o r  becomes: 
4-27 
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I h e  f i na l  pene t r a t ion  equa t ion  becomes: 
Assuming a s t a i n l e s s  steel a rmor  mater ia l ,  the f o l l o w i n g  r e l a t i o n  f o r  
thickness requi red  i n  terms o f  mission time, vulnerable  a rea  and  the 
q u a n t i t y  n -  p results : 
4-29 
Where t is  i n  cm, T i n  days and A i n  square  meters. 
The q u a n t i t y  np i s  a func t ion  o f  the number of pene t r a t ions  a1 lowable 
and the s u r v i v a l   p r o b a b i l i t y .  T h i s  d a t a  i s  obtained  from a s o l u t i o n  of 
equation  4-25  and is  summarized i n  Table 4-2  below. 
Table  4-2. n o p  Re la t ion  
Number o f  
Pene t r a t ions  P(r4) = 0.99  P(N) = 0.999 
. ____. . . _" - "_ "" ~ ~~ 
0 .010 .001 
1 ,150 .048 
2 .430 .195 
3 .830  .430 
4 1.28  .70 
5 1.80  1.12 - 
Shie ld ing  conf igu ra t ion  assumed is  shown below. 
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Th is  con f igu ra t i on  a1 lows a r e d u c t i o n  i n  s i d e  w a l l  t h i c k n e s s  because 
o f  t h e  s c a t t e r i n g  e f f e c t  o f  t h e  f i n  s u r f a c e .  A reduc t i on  by a f a c t o r  o f  
four was adopted from Reference 9. 
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5.0 SYSTEM PRELIMINARY DESIGN 
This section describes and gives the results of studies made in 
formulating a preliminary  heat  rejection system design. These studies 
involved the application of the design and performance programs t o  select  
a working f lu id ,  number of heat rejection loops and individual loop s ize  
t o  reject the imposed 1536 Kw heat  load. The system  design was a l s o  
analyzed t o  gain information on i t s  performance when subjected t o  o f f  design 
condi t i  ons. 
Subsection 5.1 , Design Studies, presents the results of those studies 
in formulating a specific capillary pumped heat rejection system design. 
Subsection 5.2, System Conceptual Design, gives a quantitative summary of 
the system design.  Subsection 5 . 3 ,  Performance Studies,  gives  the 
normal and o f f  design performance of the system. 
5.1 DESIGN STUDIES 
Studies were made t o  determi ne the best specific design for  a complete 
capillary pumped heat  rejection system. These studies employed b o t h  the 
design and performance computer program and a comparative evaluation of  
design factors ,  such as fluid  properties, manufacturabi 1 i t y  ,re1 i abi 1 i t y  
and controlabili t y .  The results o f  these studies are presented in this 
secti  on. 
5.1 . 1 Working F1 ui d Selection 
The evaluation o f  working f l  ui ds for  capi 11 ary pumped sys tems must 
consider  several  factors, As a minimum, these  include i t s  chemical 
reactivity properties, its heat transporting and capi 11 a r y  pumping capa- 
b i l i  t y ,  i t s  vapor pressure a t  the operating temperature, and the heat 
rejection system weight. The potential working f lu ids ,  sodium, potassium, 
and cesi urn, are evaluated below in 1 ight of these cri teria t o  establish 
which has the most desirable properties. 
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The f i r s t  requirements of a working f l  u i d  fo r  capi 1 lary pumped systems 
are t h a t  i t  wet the wick material and be non-corrosive to the wick a n d  
other  matt!rials of construction. I t  is  also desirable,  for safety sake,  
t h a t  the fluids are relatively inert .  All three  potential working f luids  
wet stainless steel  well .  The corrosive  properties  are  likewise comparable. 
Corrosion data indicate that most metals resist  corrosive attack by the 
mol ten a1 kal i metals , providing t h a t  they are oxide-free (lo-, 11). 
The a1 kal i metals are a1 1 very reactive materials. I n  order of 
decreasing  reactivity they are cesium,  potassium, and sodium. Table 5-1 
gives a comparison between the reactivit ies of the three metals with some 
conlmon inorganic materials (10). - The metals are so reactive t h a t  they 
must a l l  be handled  with great care and the heat rejection loops will 
have t o  be completely free  of oxygen. There i s  a s l i gh t  perference of 
sodium, since i t  i s  s l i gh t ly  l e s s  r eac t ive .  
Analyses of capillary pumped systems show t h a t  the pumping capability 
of a working fluid  is  proportional t o  the  property group ( 1 2 ) .  - 
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Table 5-2 qives the properties of the three fluids a t  1200°F (922°K). 
These d a t a  show t h a t  sodium i s  the far superior working f luid with regard t o  
i t s  pumping capabi 1 i ty. The value o f  the property grouping for sodi urn i s  
four times greater t h a n  t h a t  for  potassium and sixteen times greater t h a n  
t h a t  for cesium. The primary  reason for  this  advantage i s  t h a t  sodium has 
a much larger heat of vaporization and surface tension than the other two 
f luids .  
I n  summary, the three potenti a1 working f luids  can be ranged according 
t o  their  capil lary pumping ab i l i t y  as sodium, potassium, and  cesium in 
descending order. 
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Table 5-1, Chemical Reactions o f  t h e  A1 k a l  i Metals 
With Sodi um Potassi um Cesi um 
Oxygen 














Cold,  conc. 
Cold , d i  1 Ute 
Fai r l y  r a p i d  
No r e a c t  i on 
Kapi d r e a c t i o n  above 
300°C 
Rapid 
Reacts a t  800-900°C t o  
g i v e  Na2C2 
Reacts t o  g i v e  NaNH2 
No carbonyl  formed,  except 
i n   l i q u i d  NH3 
Reacts 
(s low) 
I g n i t e s  
Reacts 
Slow r e a c t i  on 
No r e a c t i o n  
Fai r l y  vigorous 
Very vigorous 
F a i r l y   r a p i  d Burn i n   a i  r 
No reac ti on No r e a c t i o n  
Rap1 d r e a c t i  on above Reacts s lowly a t  6 O O O C  
300°C 
More r a p i d  Most r a p i d  
D i s s o l v e s   t o   s o l i d No carbide  formed 
sol u t i  on; no carb ide 
f orrned 
Reacts t o   g i v e  KNH2 Reacts t o  i ve  CsNH2 
Forms explosive  carbonyl  Absorbs CO a t  room 
b S Y  1 (most rap i  d )  
temperature 
Reacts  Most r a p i d   r e a c t i o n  
Reacts v i o l e n t l y  Reacts  most  vigorously o f  
Reacts v i  o l   e n t l y  a l l  a1 k a l i   m e t a l s  
Detonates 
Reacts, i g n i t e s  
Expl o s i  ve r e a c t i o n  
Exp los ive  reac t ion  
Exp los ive  reac t ion  
Exp los ive  reac t ion  
I 
Table 5-2. Properties of A1 kal i Metals 
x " cal  p 3  Qm dynes  dyne sec  gm cm cm 
u 
cm 2 Kw N -  (F) (y) ( N ~ ~ ~ ~ ~ s )  tewt,o;  sec) s ec 
Sodi  um 
Potass 
Ces i um 
984.58  0.7   138.15  0.001 975 230,000 
(41  19483)  (798. ) (0.13815)  (0.0001975) 
ium 460.27  0.691  73 35 0.001 475  66 , 000 
( 1  925770)  (691. ) (0.7335)  (0.0001475) 
11 7.67  1.495 42.890.001716 18,400 
(492331 ) (1495. ) (0.04289)  (0.0001716) 
I t  i s  d e s i r a b l e  f o r  the temperature  difference between the heat source 
and the pump vapor  temperatures  to be small   for two reasons.  First, the 
higher the vapor temperature, the more e f f i c i e n t  the r a d i a t o r  and the more 
pressure ava i lab le  to  genera te  f low and second, the amount o f  s u p e r h e a t  a t  
the hot   sur face   tha t  can be t o l e r a t e d  i s  l imi ted   to   about  100°F (38°K). Thus ,  
the best f l u i d  i s  one which has a h i g h  thermal  conductivity.  Table  5-3 
compares the thermal  conductivit ies  of  the working f l u i d s  a t  1 2 O O O F  (922°K). 
Table  5-3. Thermal Conductivity  of  Alkali  Metals (12OO0F, 922°K) 
k cal/cm sec O K  (x) I 
d o  K
Sodi um 35.55 (1  4874. ) 
Potassi  um 19.55  (8180. ) 
Cesi um 9.00  (3766. ) 
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The d a t a  i n  this t a b l e  shows t h a t  sodium i s  the preferable working 
f lu id  fo l lowed by potass i  urn and then cesi um. 
The vapor pressure of the working f l u i d  a t  the pump temperature i s  the 
to t a l   d r iv ing  pressure which generates  f low. This vapor pressure must be 
suff ic ient  so t h a t  i t  i s  grea te r  than  the sum of a l l  the pressure drops 
around the loop. A prac t i ca l   hea t   r e j ec t ion   l oop  design wi l l  have  about 
one-ha1 f psi t o t a l  pressure loss.  This  can be reduced by increas ing  the 
tube d iameters  lead ing  to  and from the r a d i a t o r  and i n  the r a d i a t o r .  
However, the s i z e  o f  the r a d i a t o r  becomes excessive. Table  5-4  gives a 
comparison o f  the vapor  pressures  for  the th ree  f lu ids  a t  s eve ra l  t empera -  
tures wi th in  the range o f  interest t o  this s tudy.  The data  show t h a t  a t  
the highest  temperature  of  1200°F  (922°K) a l l  the f l u i d s  have a h i g h  enough 
vapor pressure to produce flow, although sodium i s  marginal a t  1 psi 
(7000 N / m Z ) .  On the other  hand, a t  the lower  temperature,  between 900 
(755)  to  1000°F  (811"K),  sodium i s  not an accep tab le  f lu id  because  i t s  
vapor  pressure i s  too  low. Under the ground ru le  tha t  each  pump should be 
designed to  be i d e n t i c a l ,  sodium  can be el iminated as  a po ten t i a l  working 
f l u i d  i n  this app l i ca t ion .  
Table 5-4. Vapor Pressure of Alkali Metals i n  P S I A  (N/m 2 ) 
1200 (922) 1100  (866)  1000 (811) 900 (755) 1 
Sodi um 1.04  (7170) 0.449  (3096) 0.173  (1193)  0.058 (400)  
Potassi  um 4.66  (32129) 2.36  (1 272) 1.19  (8205)  .451  (3 10) 
Ces i urn 12.03  (82943) 6.67 (45988) 3.42  (23580)  1.59  (10963) 
" . . ...~ I 
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The design program was used t o  d e t e r m i  n e  w h i c h  o f  t h e  t h r e e  f l u i d s  
r e s u l t e d  i n  t h e  l i g h t e s t  system.  These c a l c u l a t i o n s  wil be  expanded  upon 
i n  t h e  f o l l o w i n g  s e c t i o n ,  b u t  t h e  r e s u l t  i s  p r e s e n t e d  h e r e  so t h a t  a l l  
f a c t o r s  a r e  a v a i l a b l e  f o r  s e l e c t i n g  a f l u i d .  It was f o u n d   t h a t ,   u n d e r   a l l  
c o n d i t i o n s ,   p o t a s s i u m   r e s u l t e d   i n   t h e   l o w e s t   w e i g h t   s y s t e m .  The reason 
f o r  t h i s  r e s u l t  i s  t h a t  sodium,  due t o  i t s  l o w  v a p o r  p r e s s u r e ,  and  cesium, 
due t o  i t s  l o w  c a p i l l a r y  p r e s s u r e  r i s e ,  r e q u i r e  l a r g e  f l o w  passages i n  t h e  
r a d i a t o r  t o  m i n i m i z e  t h e  p r e s s u r e  d r o p .  
An added  bonus wi th potassium i s  t h a t  t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  
the condenser wall  w i  11 be smal l  s ince potassi  um i s  used i n   t h e  power loop. 
It w i  11 , t h e r e f o r e ,  be e a s i e r  t o  p r e v e n t  d i s t o r t i o n  o f  t h e  c o n d e n s e r  w a l l  
and to  ma in ta in  geomet r i ca l  t o le rances  i n  t h e  w i d e - w a l l  s e p a r a t i o n ,  
The c o n c l  u s i o n s  a r e  t h a t  ( 1  ) sodi  um i s   n o t  an acceptable working 
f l u i d  f o r  t h i s  a p p l i c a t i o n  because i t s  vapor  p ressure  a t  the  lowest  tempera-  
tu re ,   about  950°F,(7830K), i s  t o o  l o w  t o  s u p p o r t  t h e  f l o w :  (2 )  there fore ,  
potassium i s  t h e  chosen   work ing   f l u id .  It ranked  second i n   i t s  pumping 
capaci ty   and i n   i t s  thermal  conductance,  and  possessed s u f f i c i e n t  v a p o r  
p r e s s u r e  t o  m a i n t a i n  f l o w  e v e n  a t  t h e  l o w e s t  t e m p e r a t u r e ;  (3 )  ces ium's  on ly  
s t r o n g  p o i n t  i s  i t s  h i g h  v a p o r  p r e s s u r e  b u t  i t s  p o o r  t r a n s p o r t  p r o p e r t i e s  
make it i n f e r i o r  t o  p o t a s s i u m .  The h i g h  v a p o r  p r e s s u r e  r e l a t i v e  t o  p o t a s s i u m  
w o u l d  a l s o  r e s u l t  i n  t h i c k e r  and heavier condenser wal l .  
5.1.2 The E f fec t   o f   Des ign   Pa ramete rs  Upon System  Weight 
The design program was used t o  d e t e r m i n e  t h e  min imum weigh t  cap i l la ry  
pumped sys tem by  vary ing  each o f  the  pump dimensional  design parameters i n  
t u r n ,   c a l c u l a t i n g   t h e   c o r r e s p o n d i n g   r a d i a t o r   w e i g h t  and  dimensions. The 
weight  data were p lo t ted and the minimum weigh t  sys tem determined ou t  o f  
core.  
The pump des ign   parameters   inpu t   to   the   p rogram  a re :   the   w ick   a rea ,  
the  w id th  o f  the  gap be tween the  screen w ick  and the  heat  t rans fer  wa l l ,  
t h e  h a l f  d i s t a n c e  between t h e  f e e d  a r t e r i e s .  The h e a t  r e j e c t i o n  s y s t e m  
parameters  are  the number o f  l o o p s  and  the   work ing   f lu id .  The number o f  
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FIGURE 5-1. VARIATION OF LOOP WEIGHT  WITH GAP HALF  WIDTH AND WICK AREA 
The f i r s t  computer runs were made using approximated values for  each 
combination of  parameters. These approximated values were obtained by 
making engineering guesses a t  t he  reasonable heat transfer areas required 
to transfer the imposed heat load, while m a i n t a i n i n g  a reasonably small 
temperature drop between condensing potassium vapor and the pump working 
f luid.  Then, fur ther  runs were made i n  which each o f  the pump design 
parameters were varied b o t h  higher and  below this reasonable  value, These 
calculated results were then plotted as system weight versus, fo r  example, 
the element half-wi d t h  w i t h  area as a parameter w i t h  a different plot  for 
each gap  w i d t h .  
Figure 5-1 i s  an example o f  the  data  obtained. This figure is  for a 
gap w i d t h  of  15 mils for  four pump loops employing potassium as a working 
f l u i d ,  The calculations showed t h a t  the  system  weight i s  practically 
independent o f  the element ha1 f -wid th  ;for values up  to  a b o u t  1 foot , and 
for gap widths greater t h a n  15 mils. Since i t  is n o t  practical  to b u i l d  a 
pump system w i t h  a gap smal l e r  than 15 mi 1s , the element ha1 f-width was 
eliminated as an important variable. 
The system  weight becomes smaller w i t h  smaller gap widths. This trend 
i s  because the smaller the gap  w i d t h  resul ts  i n  a smaller temperature 
gradient and  a higher working f l u i d  temperature i n  the pump, and therefore , 
i n  the r a d i a t o r .  Radiator  weight  varies  approximately as the inverse of the 
i n l e t  temperature t o  the fourth power and is  c lear ly  the dominate weight i n  
pumper system, The gap  w i d t h  should be the smallest which i s  reasonable to  
manufacture.  Experience w i t h  heat  pipe systems indicates that  15 mils is 
a reasonable lower 1 imi t. 
The calculated results showed t h a t  the overall system weight also depends 
upon the heat transfer area i n  the pump. There i s ,  i n  f a c t ,  an area for  
w h i c h  the system  weight becomes a minimum. Figure 5-2 i l lustrates  the 
system weight versus the capi 11 ary pump area  for a gap wid th  o f  15 m i  1 s. 
The system has four capillary pump loops u s i n g  potassium as a working f l u i d  
a 1 2  inch (.305 m )  separation  distance between feed arteries.  This figure 
shows that  a m i n i m u m  loop weight of 624 pounds (283 Kg) occurs a t  a heat 
transfer area of 22 f t2 (2.04 mi). (The total  system of four loops i s  
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FIGURE 5-2. SYSTEM WEIGHT YERSUS WICUAREA FOR GAP WIDTH- = 0.015 INCH AND HALF WIDTH = 0.5 FELT 
Similar results were obtained when calculations were made for numbers 
of loops of 8,  1 2 ,  16 , and 20, and using other working f luids  of sodi um 
and cesi um. 
When the minimum weight systems f o r  the various working f luids  were 
compared a t  a constant system variable o f  loop numbers, i t  was f o u n d  that  
for  each of the numbers of loops, potassium resulted in the lowest overall 
system weight. This advantage with potassi um was n o t  overwhelmi ng b u t  was 
consistent. This can best be explained by noting  the  short-comings o f  the 
other two f lu ids ;  sodium a n d  cesium. In the  case of sodium, the vapor 
pressure a t  the maximum temperature of a b o u t  1200°F (922’K) i s  only a b o u t  
1 psi (7080 N/m’). Therefore, t o  maintain  the  pressure  drops around the 
loops t o  be less than  th i s  1 psi (7000 ll/m’) ( and  they must  be considerably 
less ) ,  the  dimensions of  all the piping, etc. , must become very large. On 
the other hand ,  in using cesium the surface energy of cesium i s  half t h a t  
of potassium and  one obtains only abou t  half a psi (3500 N / m  ) pressure 
increase across the same screen. In order  to  maintain  the  pressure  drops 
around the loop less t h a n  1 / 2  psi (3500 N / m  ) requires t h a t  a l l  the  loop 
pi ping be very large,  a n d  consequently, the weight i s  l a rge .  An a1 ternative 
i s  t o  use f iner  mesh screen. However,  400  mesh  was considered  the m‘nimum 
t o  be handled practically and this  a l ternat ive was discarded. 
2 
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I n  summary, the capillary pump wi 11 employ a 400 mesh screen wick, 
spaced 15 mi 1 s from the h o t  wall. The  wick wi 11 be fed potassium, the 
selected working f lu id ,  from ar te r ies  spaced a t  a b o u t  one foot (0.305 m ) ,  
the exact spacing t o  be determined by the amount of area in each Pump. 
5.1.3  Selection of the Number - of Loops 
The selection o f  the number of capi 1 lary 1 oops must be based upon the 
system weight, survivability requirements, controlability, manufacturability, 
r e l i ab i l i t~y ,  a n d  pract ical i ty .  The la t te r  th ree  or four items are very 
d i f f i cu l t  t o  quanti t ize in this application because the capillary pumped 
systems are  s t i l l  in  a conceptual stage. These considerations  are  also 
strongly related t o  the performance and  control characteristics of the 
total ARCPS. Experience  gained t h r o u g h  construction,  test ,  and operation 
would provide better judgements a b o u t  these  factors. I n  the meantime, 
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engineering experience w i t h  related systems has been used, qual i ta t ively,  
to  make judgments re la t ive t o  these factors. 
The survival requirements of the system are  t h a t  i t  has 75% of i t s  
heat rejection capacity at the end  of i t s  l i f e ,  suggesting that the number 
of loops  should be .a multiple of four. Four loops  allows one radiator 
penetration per l ifetime, eight allows two, twelve allows three,  etc.  
There i s  no advantage, for  example, of nine, ten, or eleven loops a t  l e a s t  
from a weight standpoint, since all radiators must  be armored for a total  
of only two penetrations. The use of these in-between numbers resul ts  in  
greater survival capability than required a t  the cost of system weight. 
The design program was used to  make weight trade-off studies. This 
was  done  by calculating , for  each number of loops considered, the optimum 
weight system assuming that  each loop removed an equal share of the total 
heat; i .e.  , the total heat load  divided by the number of loops. The 
importance of th i s  assumption i s  tha t  the  system will actually be larger 
t h a n  calculated because the las t  loops in the series will n o t  remove as 
much as the f i r s t .  The redesign of the system  using the support of the 
performance program has shown t h a t  the actual loop design i s  abou t  15% 
larger t h a n  calculated using the average heat rejection. However, using 4 
as the individual loop heat rejection provides a common basis f o r  comparison 
t o  establish the optimum  number  of loops. 
Figure 5-3 shows a plot of the total heat rejection system  weight  as 
a function of the number of loops. These d a t a  show t h a t  a broad minimum 
exis ts  between abou t  twelve and  twenty-four loops.  However, the change 
in system weight from the maximum t o  the minimum (about  10% change) i s  very 
small, probably smaller t h a n  the  calculation  accuracy. I t  seems clear  t h a t  
the system weight i s  n o t  a major factor in determining the number of heat 
rejection loops a t  l ea s t  fo r  t he  range considered. 
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F I G U R E  5-3. TOTAL  HEAT  REJECTION  SYSTEM  WEIGHT  VERSUS NUMBER OF LOOPS 
The frequency a t  which  power adjustments must  be  made in the case of 
the failure of a loop must also be considered when choosing the optimum 
number of loops. The amount of heat t o  be rejected is divided into a t o u t  8% 
sensible and  92% latent .  Thus, with  twelve  loops,  the latent heat is  removed 
in  the f i r s t  eleven  loops and the las t  loop  provides  the  subcooling. With 
fewer loops, the last loop removes la tent  and sensible  energy. Consequently 
the failure of a loop would resu l t  i n  vapor leaving  the  condenser. When 
the sensible heat is removed by one or more loops, a radiator loss does 
n o t  require an immediate power adjustment. When the sensible heat is 
removed by many loops, say ten of a 120-loop system, a readjustment o f  the 
power may n o t  be needed a t  each loop failure since the extra rejection capa- 
b i l i t y  of a l l  the  loops may  be enough t o  make up  for the loss of a single 
loop. The only e f fec t  on the condensing  potassium side will be a s l i gh t  
increase  in  the  outlet  temperature. I n  t h i s  sense  then i t  i s  d e s i r a b l e  t o  
have a larger number of loops since i t  allows for  use  of a simple low 
response time control  system. I t  i s ,  in  fact ,  possible  t o  rely on operator 
or ground compensation of a loop rather t h a n  automatic  control. Twenty-four 
1 oops would be approximately the minimum number to  a1 low for a 1 ow response, 
possibly remote, control system. 
The radiator configuration selected has 120 parallel tubes which 
represents a practical upper l imit  from a packaging standpoint. Thus, 120 
loops would  have a separate capillary pump for  each tube in the radiator. 
About ten of these pumps  would  remove sensible heat;  i .e. ,  would subcool 
the  potassi um. 
The weight of a 120-loop system was estimated t o  be approximately 10% 
greater t h a n  the 24-loop case. However, this estimate does n o t  include 
auxiliary equipment associated with each loop (sensors, controls, mounting 
hardware, e tc .  ) whose total  weight i s  roughly proportional t o  the number 
of loops.  Consequently,  the total  system  weight of a 120-loop  case  should 
be substantially more t h a n  the 24-loop case. One hundred twenty  loops 
represents more fabrication problems and therefore potentially represents 
a less  re l iable  system. However, this  facet  of  the  evaluation cannot be 
quanti tized a t  this st,age of the system development. 
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I t  should be noted that  the select ion of  an acceptable number of pumper 
lOODs, s ince i t  does not severely impact the overall system weight ,  allows a 
broad choice and can be t a i l o r e d  t o  meet the geometry/packaging requirements 
of the  particular  system. This property i s  a very a t t r a c t i v e  a t t r i b u t e  of 
capi 1 1 ary-pumped 1 oops. 
Most of the emphasis i n  the performance s tudies  were made us ing  12 and 
24-loop capi l la ry  pumped heat  rejection  systems. I t  i s  c l e a r  t h a t  th is  
choice could not be completely validated by f i rm quant i ta t ive t rade-offs  
and tha t  o the r  numbers ( 3 0 ,  60 , 120) should not be discarded i n  fu ture  
s tudies .  
5.1.4 Radiator  Optimization and Design 
The rad ia tor  d e s i g n  program described i n  Appendix E was used t o  generate 
curves g i v i n g  m i n i m u m  weight radiators as a function of system operating 
conditions. These curves were then i n p u t  t o  the design program t o  a r r i v e  
a t  optimum weight systems. 
Parameters affecting radiator weight can be d i v i d e d  i n t o  two types;  
internal parameters, those which do not impact the remainder of the system, 
and external parameters, those which affect  the operat ion of other systems 
components.  These  parameters a r e  sumnarized below: 
Internal  Parameters 
0 Number o f  tubes 
e Tube diameter 
External  Parameters 
o Two phase pressure  drop 
Fluid type 
o Number o f  loops 
o Inlet   temperature 
0 Amount o f  sub-cool i n g  
The optimization procedure was t o  vary the internal parameter values 
f o r  each s e t  of external parameters u n t i l  a m i n i m u m  weight  radiator  design 
was found. I n  a l l  runs, the  subcooling was fi.xed a t  100°F (56'K). 
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An example o f  t h e  i n i t i a l  r a d i a t o r  o p t i m i z a t i o n  r u n s  i s  shown i n  F i g u r e  
5-4.  Primary  purpose o f  these  runs was t o  a i d  i n  d e t e r m i n i n g  t h e  b e s t  
f l u i d  and t o  d e t e r m i n e  t h e  s e n s i t i v i t y  o f  r a d i a t o r  w e i g h t  t o  t h e  e x t e r n a l  
parameters. 
The ex terna l  parameters  wh ich  in f luenced the  rad ia to r  we igh ts  most  
s i g n i f i c a n t l y  w e r e  t h e  f l u i d  t y p e ,  t h e  number o f  l o o p s  ( a l l o w a b l e  m e t e o r o i d  
p e n e t r a t i o n s )  and t h e   i n l e t   t e m p e r a t u r e .  The d i f f e r e n c e  between  using 
ces i  um and potassium i s  v e r y  s m a l l  , b u t  t h e  u s e  o f  s o d i  um r e s u l t s   i n  
s i g n i f i c a n t l y  h e a v i e r  r a d i a t o r s .  T h i s  i s  because  the  sodium  radiator  tubes 
a r e  l a r g e r  i n  o r d e r  t o  r e d u c e  t h e  p r e s s u r e  d r o p .  
The i n f l u e n c e  o f  a1 1 owable penetrat ions i s  determined by the tube 
armor ing,   the  fewer   penetrat ions,   the  heavier   the  armor ing.  The i n l e t  
temperature i s  i m p o r t a n t  because the  requ i red  heat  t rans fer  a rea  i s  
p r o p o r t i o n a l  t o  t h e  f o u r t h  power o f  temperature.  
The two phase pressure drop was n o t  i n f l u e n c i a l  e x c e p t  a t  v e r y  s m a l l  
Val  ues. 
Curves o f  optimum r a d i t o r  w e i g h t s  w e r e  u s e d  t o  make a s e r i e s  o f  
paramet r ic   runs   w i th   the   des ign   p rogram.  The maps o f  optimum r a d i a t o r s  
f o r  p o t a s s i u m  g i v e n  i n  F i g u r e s  5-5,  5-6,  and  5-7  were  then  generated t o  
f u r t h e r  r e f i n e  opt imum  system  des ign  and  operat ing  condi t ions.  The f i n a l  
r a d i a t o r  d e s i g n  i s  g i v e n  i n  S e c t i o n  5.2. 
5.2 SYSTEM CONCEPTUAL DESIGN 
Prel iminary designs of  12,  24,  and  120 l o o p  h e a t  r e j e c t i o n  systems 
were made. T h i s   s e c t i o n   d e s c r i b e s   t h e s e   r e s u l t s .  
The d e s i g n  c a l c u l a t i o n s  r e p o r t e d  i n  Sect ion  5.1 es tab l i shed  seve ra l  
des ign   parameters .   These  a re   the   fo l low ing :  
o Potassium i s  t h e  w o r k i n g  f l u i d .  
o The w i c k  i s  one l a y e r  o f  400 mesh s c r e e n .   ( F o r   r e l i a b i l i t y  i t  
may b e  d e s i r a b l e  t o  u s e  a t  l e a s t  t w o  l a y e r s .  T h i s  was no t ,  
however,  implemented i n  t h i s  d e s i g n  s t u d y . )  
i s  15  mi ls .  
(.305 m). 
o The spacing  between  the  condenser  wall  and the  screen w ick  
o The spac ing   be tween  feed  a r te r ies  i s  approximately  12  inches 
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FIGURE 5-7. OPTIMUM  POTASSIUM  RADIATOR  WEIGHTS 
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In addition, the approximate minimum weight dimensions of the capillary 
pump and the radiator were determined us ing  an average heat rejection 
requirement (total  heat load/number of loops).  Actually, the temperature 
of the condensing potassium stream decreases as i t  flows p a s t  each pump i n  
the  ser ies ,  and therefore, each loop removes a different amount of heat. 
The individual loop must be designed to remove  more t h a n  the average 
amount of heat i n  order to provide adequate total capability. 
The design program and the performance program were used i n  an i tera- 
t ive fashion t o  determine the actual pump and radiator size required t o  
re ject  the total  waste heat 1 oad. The i t e r a t i v e  procedure was t o  use the 
design program t o  design an  optimum loop which  removed ( l+n)  times the 
average where n is  a variable fraction. Then the series of  loops so 
designed were evaluated by the performance program to determine if  the 
system would  remove the imposed .heat load. If the total system removed too 
1 i t t l  e heat , n was increased. If i t  removed too much heat, n was decreased, 
The dimensions of the capi 1 lary pump designed i n  this way are  
summarized i n  Table 5-5 for a 12-loop configuration. Figure 5-8 gives a 
scaled drawing of a pump which furnishes the necessary heat transfer area 
and  which f i t s  into the geometry of the truncated cone of Figure 2-3. 
The pump forms a hexagonal shape which "circles" the t o p  of the truncated 
cone as shown  by the t o p  view of Figure 5-9. 
Table 5-5. Capillary Pump Dimensions 
Heat Transfer Area = 
Gap Width 
L i q u i d  Line I3 
L i q u i d  Line Length = 
Vapor Line ID - 
Vapor Line Length - 
Artery ID - 
Artery Length - 
Vapor Space Dimensions: 
-  
- 





6.4 f t 2  (0.595 m2) 
0.015  inch  (0.00038 m )  
0.77 inch (0.0196 m )  
25 f e e t  (7.62 m )  
2.4  inch (0.061 m )  
5 f e e t  (1 3 2 1  m )  
0.65 inch  (0.0165 m )  
30 inches  (0.762 m )  
30 inches (0.762 m )  
33 inches  (0.838 m )  
0.8  inch (0.0203 m) 
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FIGURE 5-8. SCHEMATIC  OF 12 LOOP  CAPILLARY  PUMP 
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The l i q u i d  feed arteries are hemi-cylinders of 0.65 inches (0.0165 m) 
i n  diameter. They were sized so that the combined liquid flow area of a l l  
the  ar ter ies  would  be the same as the l iquid l ine from the radiator.  The 
number of a r te r ies  was  made to  be equal to the smallest number tha t  could 
be f i t t e d  i n t o  the pump w i t h  the  res t r ic t ion  tha t  no artery would  be 
required to feed more screen than a strip one foot wide (0.305 m ) .  
The vapor tube connects to the pump a t  the center o f  the screen area. 
This way the vapor generated flows radially inward converging on the exi t .  
The depth of the pump was determined so that the maximum veloci ty ,  a t  the 
circumference of the e x i t ,  was equal to  the vapor velocity i n  the vapor 
1 ine. 
The l iqu id  l ine  and the vapor l ine  were sized so that  the l iquid 
velocity was about one foot  per second (0.305 m/sec. ) and so that the vapor 
Mach number equal  about  one-fourth. These velocit ies have been found t o  be 
r e a l i s t i c  without excessive pressure losses (14). - The lengths of these 
l ines  were estimated at  effect ive lengths  of 25  and 5 f e e t  (7.62 and 1.52 m ) ,  
respectively. The actual physical length w i  11  be smaller by  20 to  25%. 
The radiator which i s  coupled w i t h  this capillary pumped system is 
shown i n  Figure 5-10. I t   f i t s  on the outer surface and extends down the 
length o f  the truncated cone 18.3 f e e t  (5.58 m ) .  The complete radiator 
has 120 parallel  tubes of 1.15  inches I.D. (0.029 m ) .  Thus,  each capi l lary 
pump feeds vapor to  ten of these tubes. The vapor enters the tubes through 
a common header a t  the top, and the condensate is col lected at  the bottom of 
the tubes, again, i n  a comnon header and transported back t o  the pump. 
The heat rejection systems employing 24 and 120 loops were not obtained 
u s i n g  the i terative application of the design and performance programs as 
described  above.  Since  the  overall weight trade-offs  indicated no 
s ignif icant  effect  of number of loops, these additional designs could be 
obtained simply by scaling down the capillary pump and the radiator 
proportionally to the number of loops. Thus, the screen area of a 24-loop 
capillary pump is  3.2 f t  (0.297 m ) and f o r  a 120 loop pump 0.64 f t  
(0.0595 m2) .  The  24 loop system used five radiator tubes for each pump and 
the 120 loop system used just one tube per pump. 
2 2 2 
Figures 5-11  and  5-12 show a top view of the 24 loop and the 120 loop 
systems, respectively, coupled to the radiator. 
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FIGURE 5-9. HEAT  REJECTION SYSTEM LOCATION 
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Fin-Tube  Cross-Section 
AVAILABLE  RADIATOR 
ENVELOPE 
23.1' (7.05171) 
VAPOR  INLET 
FROM  PUMPER  UNITS 
RADIATOR  LENGTH 
18.0' (5.48111) 
TUBE  LENGTH,  TUBE  NUMBER = 120 
18.3' (5.57111) 
Design I 
20,000 Hrs., P = .99 
ts = .075" ( .19 cm) 
uesiqn I 1  
5 years, P = .999 
ts = . l l "  (.28 cm) 
FIGURE 5-10. RADIATOR DESIGN 
66 
RADIATOR  TUBES 
= 16.5" x 28" Hiqh 
(0.419 x 0.711 1 
24 LOOPS I 




5.3 SYSTEM PERFORMANCE 
Performance calculations were made to  determine the normal operating 
characterist ics for a twelve and a twenty-four loop heat rejection system. 
Additional performance calculations were made to  determi ne the system 
steady state response to  a single or multiple radiator failure. The l a t t e r  
calculations were made only for the twelve  loop  system. However, the 
physical mechanism of the response of this system i s  consistent and the 
expected response of systems with a different  number of loops can be 
projected from the twelve  loop resul ts .  This section of the report describes 
the results o f  these performance calculations. 
5.3.1 Normal ~~ Operating  Characteri s ti cs 
The  normal operating characteristics of the heat rejection system are 
given as profiles of the relavent operating parameters th rough  the system 
as heat i s  removed. The sens i t iv i ty  o f  these system  performance profiles 
t o  pertubations in the design conditions and system dimensional parameters 
are, in addition, important characteristics o f  the system. 
The profiles of the condenser temperature and pressure for a 12  loop 
system are shown i n  Figure 5-13. The corresponding pumper temperature and 
pressure profiles are shown in Figure 5-14. 
Figure 5-1 3 shows the condenser side temperature decreasing as the 
flow passes  through the condenser  channel. The program assumes t h a t  in 
the quality region the temperature i s  the saturation temperature a t  the 
corresponding fluid  pressure. This neglects  the  temperature drop across 
the 1 iquid film at the wall , however, this i s  1 i kely t o  be small . Conse- 
quently, as the pressure drops , due t o  the two-phase friction, the corres- 
ponding temperature  drops  simultaneously. This temperature d rop  as  noted 
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F I G U R E  5-14. C A P I L L A R Y  PUMP TEMPERATURE  AND  PRESSURE  PROFILES 
The condenser side pressure d r o p  i s  composed of two components. There 
i s  a two-phase fr ic t ional  component  which always decreases in the direction 
of  flow, and  the second i s  a deceleration pressure rise b r o u g h t  a b o u t  by 
the  decreasing  volumetric flow rate .  The deceleration pressure rise is  
fairly constant throughout  the channel since the rate of  quality decrease is 
essentially l inear.  Near the  entrance t o  the condenser  channel,  the 
frictional pressure drop i s  r e l a t ive ly  high due t o  the high velocity o f  the 
stream. As the potassium  stream  passes each  pumper, the  quality  decreases 
a n d  therefore, the magnitude of the frictional pressure drop decreases. 
A t  approximately pump number eight the frictional pressure drop equals the 
deceleration pressure rise and  the  net  pressure change i s  zero. For the 
following three pumps, the frictional pressure drops become smaller t h a n  the 
deceleration pressure rise and the total pressure increases slowly u n t  
the  quality  equals  zero.  Thereafter,  the  deceleration  pressure change 
zero and  the frictional pressure drop becomes extremely small. 
The static pressure profile represents a potent ia l  s tabi l i ty  probl 
As the pressure d r o p  approaches zero a n d  begins t o  become positive, the 
stream  tends to  flow backwards creating large turbulent eddies. This 
enhances the flow void feedback character in the power conversion loop 
1 
i s  
em. 
t o  
produce flow osci l la t ions.  These s t a b i l i t y  problems are  discussed  in more 
detail  later in this report .  
The use of  a tapered condenser passage to give a continuously decreasing 
pressure was given consideration. However, the performance czlculations 
showed that when a radiator failure occurred and a fraction of the heat 
was no longer removed, two-phase flow extends further down the tube into an  
area o f  smaller cross-section. The resul ts  of this  are  a very high 
pressure (and  corresponding temperature) d rop  in the potassium and a 
reduction  in  the  overall  heat  transfer  rate from the system. This process 
degenerates  the  operation of the  system. I t  i s  c l ea r  t h a t  tapering of the 
condenser tube would require a very close control sys tern on the power 
conversion loop so,  t h a t  simultaneously with a radiator loss, the power 
level can be decreased t o  maintain essentially the same pressure and 
temperature profile in the condenser. 
72 
The condenser side temperature profile was f o u n d  t o  be one of the most 
influential  parameters of the  system. The  optimum designed series  heat 
rejection loop system was found t o  be able t o  remove  more than  required or 
fa r  less  t h a n  required, depending upon the shape of this profile.  I f  the 
pressure d rop  in the condenser side became large, the temperature of t h e  
l a s t  pumper  became too low for effective operation. The conclusion of  
these resul ts  is  t h a t  the heat rejection system cannot be designed 
completely  independent of the power conversion  loop. These two loops must 
be designed simultaneously so that the pressure d r o p  in t h e  power 
conversion loop condenser i s  continuously decreasing, and simultaneously 
the temperature never becomes so low t o  allow effective pump operation. 
One further note. Had sodium  been the working f lu id ,  t h i s  problem 
would  have  been  more severe. On the other h a n d ,  with cesium i t  would 
have  been less severe. 
Figure 5-15 shows the quality profile t h r o u g h  the condenser channel. 
The qual i ty  is  very nearly linear with distance down the condenser tube 
and becomes equal t o  zero a t  the exit  o f  the eleventh pump. 
5 . 3 . 2  Performance with  the  Radiator  Failure 
The heat re,jection system has been designed to permit some meteoroid 
penetrations with  subsequent  loss  in  radiators  during i t s  l i f e .  I t  i s  
essential ,  then, t o  assess the change in steady state operating characteris- 
t i c s  following such a loss. 
The performance program was used t o  analyze this situation under two 
conditions. First, i t  was assumed t h a t  a radiator was los t  b u t  t h a t  no 
change in  the  condenser  side  heat  load  requirements was  made. Then, a 
similar analysis was  made i n  which the heat rejection requirements were 
decreased proportional t o  the fraction of the heat rejection capability 
los t .  T h a t  i s ,  when one radiator o f  a ser ies  of  twelve is  lost ,  the  heat  
load is  decreased t o  11/12 o f  i t s  normal Value. 
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F IGURE 5 - 1 5 .  Q U A L I T Y   P R O F I L E   I N  CONDENSER 
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I n  general, the result of this analysis was f a i r ly  simple. As any one 
radiator failed,  and  the corresponding pump became inactive, the effective 
pump numbering shifted by one. As an example, should pump number  one  be 
l o s t ,  then entrance conditions t o  pump one shifted t o  pump two with pressure 
loss and temperature and quality  increase due t o  f r ic t ion .  I n  th is  way 
pump number two was essentially shifted t o  position one w i t h  a small change 
in inlet conditions. 
The location of  the pump l o s t  makes  ome difference in the impact on 
the  overall  system. The further upstream this  loss occurrs,  the  greater 
the influence. That  i s ,  i n  a twelve 1 oop system the loss of  pump number 
one had a more severe effect than  the loss of pump number twelve. The 
explanation for this is simply t h a t  when pump nurnber  one i s  los t ,  the  
average operating temperature o f  the total system suffers a greater 
reduction than  when the  las t  i s  los t .  As just stated in the previous 
p a r a g r a p h ,  one loses essentially the same heat transfer capabi l i  t y  as exists 
for  t h a t  pump under normal operating conditions. 
Figures 5-16 and  5-17 show the temperature a n d  quality profiles i n  the 
potassium condenser tube as a resul t  of losing pump number  one with no change 
in  the  heat  rejection  requirement.  Figures 5-18 and 5-19 show the corres- 
p o n d i n g  temperature profiles as a resul t  o f  losing pump number twelve with 
no change in  the  heat  rejection  requirement. Comparison of the q u a l i t y  
profiles show, as  discussed  above, t h a t  the loss of pump one i s  more severe 
(higher potassium vapor  quality leaving the condenser) t h a n  the loss of 
pump twel ve. 
Figures 5-20 and 5-21 show the temperature a n d  qual i ty profi les for a 
twelve loop system in which pump number one has been 1 os t  and the heat 
rejection requirement has been reduced t o  11/12 of normal. These curves are  
t o  be  compared w i t h  Figures 5-16 and 5-17. 
I t  should be noted that the loss o f  any loop in a twelve loop system 
would  have to  be recognized quickly since i t  could lead t o  cavitation vapor 
lock of the boiler feed pump in the ARCPS. From this standpoint a twenty- 
four (or more) loop case would  be advantageous since response t o  a single 
radiator failure could be tolerated o r  corrected a t  a more l iesurely pace. 
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FIGURE 5-20 TEMPERATURE PROFILE  WITH PUMP  ONE LOST 
AND  REDUCED HEAT REJECTION REQUIREMENT 
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FIGURE 5-21 QUALITY  PROFILE  WITH PUMP ONE LOST 
AND REDUCED HEAT REJECTION REQU1REMEI:T 
The pr incipal  reason for  this  effor t  was to determine the control 
scheme necessary t o  keep the  in le t  to  the  pump from being in the saturation 
region. The conclusions  are:  
o Twelve loops  require immediate response  and,  therefore, 
o Twenty-four  loops  or more can re ly  on operator or remote 
o A t  the  point where a loss  of two loops i s  acceptab le ,  
automatic  control  system. 
control 
f a i l u r e  of one loop can be ignored and the operator can 
make cor rec t ions  a f te r  two loops have f a i l e d .  
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6.0 SYSTEM  OPERATIONAL  PROBLEMS 
A number o f  p rob lem a reas  have  been  iden t i f i ed  wh ich  may e x i s t   i n  
t h e  o p e r a t i o n  o f  a c a p i l l a r y  pumped h e a t  r e j e c t i o n  system.  Throughout  he 
design process, an at tempt was  made t o  i d e n t i f y  a des ign which was n o t  
o n l y  l i g h t  i n  w e i g h t  and p r a c t i c a l  f r o m  a f a b r i c a t i o n  s t a n d p o i n t  b u t  a l s o  
tended to  min imize  these opera t iona l  p rob lems.  
Th is  sec t i on  p resen ts  a d i s c u s s i o n  o f  p o t e n t i a l  p r o b l e m  a r e a s  i n d c n t i -  
f i e d .  I n  genera l ,   r i go rous   so lu t i on   o f   t hese   p rob lems   i s   beyond   the   scope  
o f   the   p resent   s tudy .   Exper imenta l   work  may b e  r e q u i r e d  t o  v e r i f . y  t h e  
po ten t i a l  so lu t i ons  d i scussed  he re .  
6.1 CONDENSING RADIATOR 
Necessary t o  s u c c e s s f u l  c o n d e n s i n g  r a d i a t o r  d e s i g n  i s  t h e  a b i  1 i ty 
t o  m a i n t a i n  a s t a b l e  f l u i d  f l o w  s u b j e c t  t o  e x t e r n a l  o r  i n t e r n a l  p e r t u r b a -  
t i o n s .   F o u r   f l o w   i n s t a b i l i t i e s   p e r t i n e n t   t o   c o n d e n s i n g   r a d i a t o r s  have 
been i d e n t i f i e d   ( R e f e r e n c e   1 3 ) .  These a r e   i n t e r f a c i a l   i n s t a b i l i t y ,   r u n -  
back i n s t a b i l i t y ,  l i q u i d  l e g  i n s t a b i l i t y  a n d  z e r o - g  i n s t a b i l i t y .  
( a )   I n t e r f a c i a l   I n s t a b i l i t y  
I n t e r f a c i a l  i n s t a b i l i t y  i s  t h e  i n a b i l i t y  o f  t h e  f l u i d  t o  f o r m  
a s tab le meniscus which separates the condensing and subcool ing por t ions 
o f  t h e  r a d i a t o r  t u b e .  The s t a b i  1 i ty o f  t h e  meniscus i s  dependent on 
su r face  tens ion  energy  and  the  k ine t i c  and  po ten t i a l  ene rgy  o f  a d i s t u r -  
b i n g  wave. I n t e r f a c i a l  s t a b i l i t y  can  be  maintai  ned i n  the presence of  
ex te rna l   d i s tu rbances   by   se lec t i ng   app rop r ia te   t ube   d iamete rs .   Us ing   t he  
c r i t e r i a  g i v e n  i n  R e f e r e n c e  13, t h e  r a d i a t o r  d e s i g n  o f  t h i s  s t u d y  may 
e x p e r i e n c e   i n t e r f a c i a l   i n s t a b i  1 i ty fo r  adve rse  acce le ra t i ons  exceed ing  
0.04 g. This  problem i s  i n h e r e n t  w i t h  c a p i l l a r y  pumped systems  because 
o f  t h e  s m a l l  a v a i l a b l e  pumping  head and the  resu l tan t  la rge  rad ia to r  
t u b e .  S t a b i l i z i n g  t h i s  i n t e r f a c e  c o u l d  p o s s i b l y  be  done w i t h  a p p r o p r i -  
a t e l y  p l a c e d  t u b e  i n s e r t s .  The design  and  placement o f  t h e s e  p r o v i s i o n s  
wou ld  requ i re  ex tens ive  exper imenta l  s tudy  and is  ou ts ide  the  SCODe of 
t h i s  program. 
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( b )  Runback I n s t a b i  1 i ty 
T h i s   t y p e   o f  i n s t a b i  1 i ty i s  caused by low drag force exer ted 
by  the  vapor   f lowing  over   the  condensate.   Wi th   an  external   body  force,  
t h e  v a p o r  d r a g  m u s t  b e  s u f f i c i e n t  t o  a c c e l e r a t e  t h e  c o n d e n s a t e  t o  t h e  
o u t l e t  o f  the  condenser. I n  zero-g  operat ion,   the  condensate  must  be 
moved a l o n g  t h e  w a l l  a t  a r a t e  f a s t  enough t o  p r e v e n t  b r i d g i n g  of  the 
tube .  Us i  ng  the  c r i t e r i a  o f  Re fe rence  13 a p p l i e d  t o  t h e  1 a s t  r a d i a t o r  
segment, t h e  p r e s e n t  d e s i g n  c o u l d  w i t h s t a n d  a n  a d v e r s e  a c c e l e r a t i o n  o f  
about  0.1 g. A p o s s i b i l i t y  f o r  i n c r e a s i n g  t h e  v a p o r  d r a g  f o r c e  i s  t o  t a p e r  
the  tube  to  keep  the  vapor  ve loc i t y  up  as 1 i q u i d  i s  condensed. 
( c )   L i q u i d  Leg I n s t a b i l i t y  
This  i s  caused by having a l a r g e r  p r e s s u r e  g r a d i e n t  i n  t h e  
l i q u i d  film than i n  t h e  vapor.   External   forces  such  as  gravi ty  can  cause 
t h e  s t a t i c  p r e s s u r e  i n  t h e  1 i q u i d  t o  be h igher  than the  pressure  i n   t h e  
vapor. The present   des ign   wou ld   w i ths tand  an   adverse   acce le ra t ion   o f  
approx imate ly  0.04 g ' s  b e f o r e  t h i s  c o n d i t i o n  w o u l d  e x i s t .  
( d )  Zero-G I n s   t a b i  1 i ty 
Zero-g i n s t a b i l i t y  i s  t h e  e m p t y i n g  o f  l i q u i d  condensate i n t o  
the vapor header due t o  a p o s i t i v e  p r e s s u r e  g r a d i e n t  down the condensing 
tube .   Th i s   cond i t i on  i s  p o s s i b l e   f o r   s h o r t   c o n d e n s i n g   l e n g t h   t o   d i a m e t e r  
r a t i o s  when t h e  t w o - p h a s e  f r i c t i o n a l  p r e s s u r e  d r o p  i s  l e s s  t h a n  t h e  
momentum g a i n  due t o  d c c e l e r a t i n g  o f  t h e  v a p o r  f l o w  when condensing. 
I n  t h i s  case,  the  in te r face  s ta t i c  p ressure  wou ld  become l a r g e r  t h a n  t h e  
i n l e t  t o t a l  p r e s s u r e .  The r a d i a t o r   d e s i g n  o f  t h i s  s t u d y  has a s t a t i c  
p ressure  drop  o f  0 .12  ps i  (827 N / m  ) i n  t h e  c o n d e n s i n g  t u b e  s e c t i o n  a n d  t h i s  2 
i n s t a b i l i t y  c a n n o t  e x i s t .  
The low pressure r ise capabi  1 i t i e s   o f  a cap i  1 l a r y  pumper tend 
t o  make d e s i g n  o f  a s t a b l e  r a d i a t o r  f o r  any s u b s t a n t i a l  g r a v i t y  f i e l d  
d i f f i c u l t .  S m a l l e r  t u b e s  c a n  be  used i n  t h e  r a d i a t o r  b u t  o n l y  a t  a 
cons iderab le   we igh t   pena l ty .   Grav i ty   fo rces   a long  the   tube  leng th   must  
be k e p t  v e r y  l o w .  T h i s  f a c t  i s  l i k e l y  t o  c o n s t r a i n  t h e  v e h i c l e  o r i e n t a -  
t i o n .  Any s p a c e c r a f t  w h i c h  s p i n s  t o  p r o v i d e  a r t i f i  c i a 1  g r a v i t y  m u s t  be 
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oriented such that the gravity force is  perpendicular to the rad ia tor  
flow path. 
6.2 START-UP/SHUTDOWN 
Start-up and shutdown of l i q u i d  metal heat rejection loops which 
a r e  s o l i d  a t  normal environmental  temperatures require careful considera- 
t i o n  f o r  any pumpin'g concept; i n  the case of the passive capillary pumped 
system, the problem i s  par t icular ly  acute .  T h i s  section describes some 
o f  the di f f i  cul ties encountered i n  t ry ing   to  s t o p  and s t a r t  a capi 11 ary 
pumped heat rejection system designed for a space environment and suggests 
one concept for alleviating these d i f f i c u l t i e s .  I t  should be noted t h a t  
the performance of capi l la ry  pumped systems,  par t icular ly  for  non-nominal 
condi t ions is  not well understood and the resol u t i  on of the s tar t -up/  
shutdown operational problem must ultimately come through a careful 
experimental study where many of the unknowns and uncertainties can be 
simulated. 
S t a r t  this discussion assuming t h a t  the power system i s  operating 
a t  f u l l  c a p a c i t y  and w i t h  i n l e t  condensing potassium a t  the nominal 1220°F 
(933°K) and 0.89 qual i ty .  As the shutdown procedure  begins, assume t h a t  t h i s  
flow r a t e  and temperature drops b u t  t ha t  the qua l i ty  remains approximately 
constant. The overall temperature level of the heat rejection system wi 11 
drop with a corresponding decrease in the heat rejection capabili ty.  
I t  has been shown in Section 5 t ha t  a substant ia l  d rop  in the potassium 
inlet  temperature  resul ts  i n  a decrease in the operating pressure in the 
l a s t  cap i l l a ry  pumps unt i l  there  is  no longer sufficient pressure level 
to support  the loop A P .  Those pumps w i l l  f a i l  t o  Operate a t  o r  below t h i s  
l imi t .  This  event  occurs a t  f a i r l y  high  temperature (-900°F, 755OK) so there  
i s  not immediate danger of  freezing of  the working f l u i d  (-150°F, 339°K fo r  
potassium) when the loop f a i l s .  
Successful shutdown of the failed loop then requires a return of a l l  
the l iqu id  to  some convenient  storage  area. As a so lu t ion  to  th i s  problem, 
i t  i s  proposed to include a coarse wick s t ruc tu re  on the down-stream 
(vapor) side of the 400 mesh screen which provides the main capi 1 lary 
pressure r i s e .  (See Figure 6-1. ) During normal operation¶ the coarse 
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I 
wick would be unable to   sustain the capi 1 lary pressure head required and 
the liquid would recede back to the fine mesh and the course mesh  would 
introduce l i t t l e  pressure drop i n  the  system. In the static or isothermal 
condition, the coarse wick, having a pore size smaller than anything else 
i n  the loop (except the 400 mesh screen),  w i  11 f i  11 by emptying the 1 i q u i d  
from the  loop. How f a s t  this will occur i s  very d i f f i c u l t  t o  estimate. 
However, i f  the loop f a i l s  a t  900°F (755"K), there will be a substantial 
time lag before there i s  dange of freezing. 
The liquid inventory for a twelve loop configuration is approximately 
0 . 3  f t 3  ( .0085m3). W i t h  a porosity of 70%, the required thickness of the 
coarse wick  would  be approximately  3/4  in. (.019m). However, i t  must be 
assumed a t  s t a r t -up  t h a t  the radiator can be as low as -100°F (200°K) 
and t h a t  return of l iquid back to  pump will not occur until this tempera- 
ture  is  increased  to  approximately 200°F (366°K). For a twelve  loop case, 
this required 15000 B t u  (15822000 Joules) of thermal energy t o  be supplied 
by condensing  potassium vapor from the pump a t  900°F (756°K). The coarse 
wick thickness must then be increased t o  1 . 7  i 
additional potassium storage required t o  heat 
which prevents freezing of the r!Jrking f lu id .  
t o  the process of introducing cold potassi um i 
and the manner in which condensation/freezing 
obviously have a large influence on the appl i c 
as  well  as on the design of the tubes. 
n .  (. 0432m) t o  provide for  
the radiator up  t o  a level 
No consideration was given 
n t o  cold radiator tubes 
occurs.  This  effect  will 
ab i l i t y  of th i s  concept 
A major concern with the scheme proposed ,or  in  fact  any schetiie, i s  
t h a t  there must be an  excess liquid inventory t o  s t a r t  t he  system from a 
frozen state and that provisions to remove this l iquid must  be made for  
normal operating  conditions. The gas controlled  liquid  reservoir  (see 
Figure 6-2) i s  one procedure for storage of excess liquid d u r i n g  normal 
operation. A t  shutdown, the coarse wick  would  empty liquid from the 
reservoir as well as the rest of the  loop. A s t o p  i s  provided on the 
bellows to prevent complete collapse at  the low pressure. frozen state. 
However, i n  normal operation, the accumulator would ac t  to  maintain 
constant system pressure and the reservoir would f i l l  as the heat rejection 
loop  approaches normal operating conditions. 
8 7  
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Another  impor tant  character is t ic  o f  the coarse wick s torage concept  
i s   t h a t  even i n  t h e  f r o z e n  s t a t e ,  w o r k i n g  f l u i d - m u s t  be maintained i n  the  
gap between the  condenser  wall   and  the 400 mesh screen.  Otherwise,  there 
i s  no way t o  i n p u t  h e a t  i n t o  t h e  c o a r s e  w i c k  a t  s t a r t - u p .  Also, s ince  
the potassium superheat i s  l i m i t e d  b e f o r e  n u c l e a t e  b o i l i n g  o c c u r s  ( a p p r o x -  
ima te l y  150°F (83°K) was assumed i n  t h i s  s t u d y )  t h e  h e a t  i n p u t  t o  t h e  
coarse wick system 'must b e  l i m i t e d  u n t i l  t h e  l i q u i d  i n t e r f a c e  r e c e d e s  
back t o  t h e  400 mesh screen.  Potassium o f  the  th icknesses  no ted  can 
to le ra te  app rox ima te l y  6000 w a t t s / f t 2  (64,500 watts/m*) a t  150°F ' (83°K) 
temperature di f ference. 
C l e a r l y  t h e  scheme presented  to  p rov ide  s ta r t -up  and shutdown 
c a p a b i l i t y  f o r  c a p i l l a r y  pumped h e a t  r e j e c t i o n  systems  has many unknowns 
and unce r ta in t i es ,  most o f  w h i c h  a r e  v e r y  d i f f i c u l t  t o  t r e a t  a n a l y t i c a l l y .  
6.3 NON-CONDENSIBLE GAS 
The presence o f  non-condensible gases i n  t h e  c a p i l l a r y  pumped loop 
has t h e  p o t e n t i a l  e f f e c t  o f  c a u s i n g  t h e  c a p i l l a r y  s u r f a c e  t o  l o s e  i t s  
pumping capaci ty .   Pre l iminary  exper iments  a t  TRW on capi l lary pumpers of 
the proposed conf igurat ion have shown tha t  sma l l  amounts o f  gas a t  t h e  
screen sur face can be to lerated but  format ion of  large bubbles wil 
eventual l y  cause a co l  l apse  o f  t he  cap i  1 l a r y  head. It i s   r e l a t i v e l y  simp1 e 
to  p reven t  a l i m i t e d  amount o f  vapor/gas  from  reaching  the pump.  One such 
method i s  shown i n  F igure  6-3. A screen trap i n  t h e  l i q u i d  l i n e  p r i o r  t o  
the  pump w i  11 t r a p  t h e  gas prov ided the  work ing  f lu id  wets  the  screen.  
Making the trap much la rger  in  c ross-sec t ion  prevents  an  inc rease i n  the  
l i qu id  s ide  p ressu re  d rop  wh ich  i n  tu rn  wou ld  have substant ia l  impact  on 
the  overa l l   systems'   opt imizat ion.  
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A prel iminary calculat ion was  made f o r  a four - loop  hea t  re jec t ion  
system to determi ne the magnitude of condensi ble gases introduced i n  the 
f i l l i n g  o p e r a t i o n .  Assuming evacuat ion to  loW6 mm Hg and 1 p a r t  i n  10 7 
trapped argon i n  the potassium charge, a gas volume of approximately 1 2  cc 
per  loop  can be expected a t  normal operat ing  condi t ions.  This volume 
represents, f o r  a cone angle of 90' , a base diameter of approximately 1.8 i n  
(4 .5  cm). The required overall  diameter of the gas  t rap  would be on the 
order  of  2.5 - 3.0 i n .  t o  prevent l a rge  l i qu id  s ide  pressure drops. Note 
t h a t  this ca l cu la t ion  is  f o r  a four  1000 system; the required volume f o r  
the 12 or  the 24 loop configurat ion would be correspondingly smaller.  
I t  i s  c l ea r  t ha t  con t inuous  gas generat ion or  diffusion of  gas  into 
the system  cannot be d e a l t  w i t h  by the t r a p  shown i n  Figure 6-3. Should 
this condi t ion represent a r e a l  s i t u a t i o n ,  some pos i t i ve  means of  gas 
v e n t i n g  i s  required (e.g. , a non-wetting  gas p l u g ,  a mechanical  valve 
actuated by  command o r  by a gas  sensor).  I t  seems apparent ,  however, 
t h a t  the only practical  approach i s  to  take act ion to  prevent  cont inuous 
gas  buildup and t o  use the gas t rap to  deal  with small  amounts  which 
cannot be avoided. 
6 .4  OPERATION IN GRAVITY 
The c a p i l l a r y  pumped heat  re ject ion system descr ibed in  Sect ion 5 
will   not  operate  as  configured i n  a one-g  environment. To enforce the 
requi rement f o r  one-g operat ion would severe ly  cons t ra in  the  power system 
geometry i n  the case  of a c a p i l l a r y  pumped system. The l iqu id  head of  the 
proposed des ign  i s  approximately  5.4 psi (37232 h/m ) which i s  s u b s t a n t i a l l y  
beyond the maximum pumping capabi l i  t y  o f  a 400 mesh screen wick. In fact , 
the h e i g h t  of the pump i t s e l f  r e p r e s e n t s  a pressure head of about 0.7 psi 
(4826 N / m 2 ) .  Ground operat ion would r equ i r e  tha t  t he  pump/condenser  assembly 
be lowered to  the  leve l  of  the  l iqu id  leve l  i n  the rad ia tor  and ,  further, 
t h a t  the pump be o r i en ted  w i t h  the hea t  t ransfer  a rea  hor izonta l .  
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I t  should also be noted  tha t  ground operation of the rad ia tor  tubes  
as  shown i n  Figure 5-10 provides a gravi ty  drain of  the condensate to 
the. bottom  of the tube. This condi t ion would p rov ide  un rea l i s t i c  perform- 
ance  da ta  for  the r a d i a t o r .  For  meaningful  ground testing of the hea t  
r e j e c t i o n ,  i t  w i l l  be necessary t o  or ien t  the  rad ia tor  sur face  as  wel l  as  
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the pump i n  a horizontal position w i t h  the pump s l i gh t ly  e l eva ted  r e l a t ive  
to  the radiator .  
I t  must be concluded t h a t  the capi 11 ary pumped heat rejection system 
imposes cons t ra in ts  on the ground testing o f  the u n i t .  While other  
operational problems w i t h  this system may have to t a l  so lu t ions ,  t he  ground 
t e s t i n g  d i f f i c u l t i e s  can only be minimized by careful  or ientat ion o f  the 
capi 11 ary pumped loops re1 a t i  ve to  gravity and by a substanti  a1 amount o f  
separate  subsys tem and element tes t i  ng .  
I n  a one-g environment the liquid would not bridge a 1.1 inch tube; 
thus the liquid condensate will flow along the bottom of the tube. It 
i s  possible some of t he  r ad ia to r  s t ab i l i t y  problems could be a l lev ia ted  
by using smaller tube diameters. 
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7.0 CONCLUSIONS 
Detai led conclusions per ta ining to  the specif ic  des ign  and t o  the 
performance trade-offs are presented i n  the appropriate sections.  
General conclusions which can be drawn from this study are the following : 
o The capi l la ry  pumped concept i s  a f e a s i b l e  approach f o r  the heat 
rejection loops of the Advanced Rankine  Cycle Power System. T h i s  
approach appears t o  o f f e r  some w e i g h t  advantages over the 
conventional EM-pumped system. 
o There a r e  a number of system operational problems which constrain 
the application of capi 1 la ry  pumped units. These problems include 
s ta r t -up ,  shutdown,  accumulation  of  non-condensible  gases and 
sens i t i v i ty  to  g rav i ty  and other   accelerat ion  forces .  However, 
these problems are  not  amenable to  analyt ical  t reatment .  
o The r e l i a b i l i t y  of the capi l la ry  pumped system, while potentially 
greater than the EM-pumped u n i t ,  cannot be evaluated a t  th i s  
time. Re1 iabi 1 i ty depends on a resol u t i  on t o  sys tems operating 
problems. 
o The a r t e r i a l  fed screen wick c a p i l l a r y  pump concept  represents 
an a t t rac t ive  des ign  approach fo r  l i qu id  metal systems. 
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APPENDIX A 
CONCEPTUAL DESIGN  ANALYSIS 
This appendix presents the ana ly t i ca l  de t a i l s  used i n  evaluating 
various capillary pump wick configurations.  The results of  these  analyses 
a re  summarized as Section 3.0 o f  the report ,  together w i t h  an evaluation 
which leads to  the choice of a single screen wick displaced from the heat 
source by a uniform spacing for  appl ica t ion  to  the  ARCPS heat  re ject ion 
sys tem. 
Section 1 , Analysis of Stenger Type Cy1 i n d r i  cal Capi 1 la ry  Pump, 
presents an analysis of the Stenger type wick configuration i n  which the 
heat i s  i n p u t  t o  one side of a wick and l iqu id  from the opposite side and 
the vapor i s  generated and carr ied away through cutouts i n  the wick between 
the h o t  wall and the wick material. Section 2 ,  Analysis  of Two-Dimensional 
Capillary Pump w i t h  Conventional Wick, gives an analysis of a f l a t  
conventional wick configuration i n  which heat i s  i n p u t  on one surface,  
vapor generated on the opposite side and l iqu id  i s  supplied through artery 
runners from the  vapor side. Section 3 ,  Analysis  of a Two-Dimensional 
Screen Wick Capi 1 la ry  Pump, presents an analysis  of a single screen wick 
separated from the hot surface by a uniform space configuration i n  which 
vapor is  generated at  the screen surface and liquid supplied by a r t e r y  
runners on the vapor side of the wick.  Section 4 ,  Analysis  of a Three- 
Dimensional Screen Wick Capi 1 la ry  Pump, gives an analysis of the screen 
configuration just described w i t h  l iquid feed by a r t e r i e s  r u n n i n g  both 
horizontal and ver t ical  direct ions to  form a square liquid feed matrix. 
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1 .  ANALYSIS OF STENGER TYPE CYLINDRICAL  CAPILLARY PUMP 
1.1 INTRODUCTION 
T h i s  section presents an analysis of a cylindrical capillary pump of 
the type used in the experimental study o f  Stenger  (Reference 1 ). A 
schematic of th i s  pump i s  presented in Figure A-1 . 
1.2  HEAT TRANSFER AREA 
The conduction p a t h  fo r  t h i s  pump is  primarily through fins of length 
( rv  - r2).  Let 
a = (minimum fin cross-sectional area)/2ar2L 
B = (conduction path length)/ (r, - r2) 
The symbols are  defined  in  the  nomenclature l i s t .  The  mass flow ra te  can 
be written 2 n  
% = P,v(r)JLrd€l = PaV(r)(2arL) 
0 
and since i r ( r ) = i r ( r 2 ) ,  equations (A.l) and (A.2)  can be combined t o  give 
Darcy's law f o r  this case is  
dP /d r  = p / K  
P 
Substituting equation (A.3) and integrating from rl t o  r2 gives the 
pressure loss across the wick 
This resul t  can be combined 
2nLPK (AP),  
with equation (A.2) t o  give 
(A.5) 
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F I G U R E   A - 1 .   S C H E l y l A T I C  O F  C Y L I N D R I C A L   C A P I L L A R Y   P U M P  
From equat ion (A. l ) ,  the heat  f low rate i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
vapor space dimension ( r v  - r2). The minimum a l lowab le  va lue  o f  ( rv  - rz) 
depends on the maximum a1 lowable vapor f low veloci ty , and it i s  found 
(see Section 1.3)  t h a t  t h i s  v e l o c i t y  i s  l i m i t e d  by the pressure head 
ava i  l ab le  to  d r i ve  the  vapor  ou t  o f  t he  pump. For the moment it i s  
assumed t h a t  t h e  maximum al lowable vapor  f low ve loc i ty ,  urnax, i s  known. 
Then i f  the f in  sur faces 7 i e  on r a d i i  of  the pump cross sect ion 
Since r$ = h, equations (A.5) and  (A.6)  can  be  combined t o  g i v e  
2LPK (AP), Rv Tv - + 
rv - r2 ug PviTmaPx(l-u)log(rz/rl) (A.7) 
The vapor density has been replaced by Pv/RvTv; i .e., the vapor i s  assumed 
t o  be a pe r fec t  gas. Now equations (A.4) and (A.7)  can be combined t o  
g ive 
2 2akRvT r2 LAT 
rv - r22= { (1 -U)BP,,U:~~ hfg 1 
This  equation i s  c u b i c  i n  rv. However, ( r v  - r 2 )  wil be s u b s t a n t i a l l y  
smaller than r2 i n  most p r a c t i c a l  cases. Then r2 + rv = 2 r 2  and equat 
(A.8)  s impl i f ies  t o  
- 
i o n  
.9) 
F ina l l y ,  t he  to ta l  hea t  t rans fe r  a rea  fo r  N pumps i s  2ar2LNY and from 
equat ions  (A. l )  and (A.9) 
(A.lO) 
As expected, the area i s  m i  n imi zed by maximi z ing  the  f i n  the rma l  conduc t i v i t y  
and the vapor f low veloci ty.  The  pump i s  1 i ke  the  th in -screen pump 
(Sect ion 3) i n   t h a t  A % b u t   i n   t h i s  case  the  L1l2 dependence ar ises  
f r o m  f r i c t i o n  i n  t h e  v a p o r  f l o w  r a t h e r  t h a n  f r i c t i o n  i n  t h e  l i q u i d  f l o w .  
Note also that A does no t  depend on the wick propert ies provided that the 
wick conduct iv i ty  and the conduci t i v i  ty  of the  work ing  f lu id  a re  no t  much 
d i f f e ren t  t han  the  f i n  conduc t i v i t y .  Of  course the wick must  be a b l e  t o  
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supply the required mass flow rate. For the designs considered here (see 
Section 1.5) the pressure loss i n  the wick is  a small fraction of the total 
pump pressure loss. 
1.3 MAXIMUM VAPOR VELOCITY 
The total pump pressure head (capillary pressure) i s  
~ U C O S  8/rc 
For the  smallest  value of rc (. 12 x f t .  ) for  the wick materials  in 
Table 10 of  Reference 3 ,  the total capi 11 ary head in Potassi um a t  1200°F 
i s  84 psf. The r a d i a t o r  loss is  assumed t o  be 72 psf, hence the pump loss 
must be less t h a n  12 psf. 
For the designs considered here, the total pressure loss i n  the liquid 
flow within  the pump is negligible (see Section 1.5). Consequently, the 
available head  can  be  used t o  size the vapor flow space. 
The vapor space consists o f  a rectangular channel, one of whose walls 
is  injecting fluid i n t o  the flow. This flow i s  ra ther  complex,  however, 
the results given i n  Reference 3 (for laminar, incompressible pipe flow 
with injection* t h r o u g h  a porous wall ) are probably adequate for  this  
analysis. The pressure  gradient i s  given by 
(A.12) 
(A. 13) 
The result  for small R+ i s  the same as for Poiseui 1 l e  flow except for 
the power series in Rer. For large Rer, the pressure drop results 
primarily from the acceleration of the flow. 
*Injection from - a l l  por t ions  o f  the wall surface. 
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The vapor space is expected to  be approximately square, hence 
(rv - r2) i s  approximately equal t o  the hydraulic diameter of the channel. 
From continuity, pvVv = pgvg. Then, equations (A.3) and A.13) can be 
combined t o  give 
- 
Rer = akAT/BPvhfg (A. 14) 
For a = .5, 6 = 1.5, and Potassium a t  1200°F as the working fluid,  the 
smallest and largest values of  Re, of interest  here are, respectively 
Rer = .21 AT = 5"F, k = 10 h i t -  (Stainless  Steel) BTU 
Rer = 15 AT = 5OoF, k = 71 h m  (tungsten) BTU 
The q u a n t i t y  Rer i s  not  clearly much greater than  or much less than unity. 
In any case, and lacking better information, the equation g i v i n g  the largest 
pressure gradient i s  used here. Moreover, the correction t o  the Poi seui 1 l e  
pressure gradient will be neglected, because this makes the analysis much 
simpler and because i t  represents a small correction in the range where i t  
i s  presumably valid. Note t h a t  th is  procedure i s  unconservative; i .e . ,  
one of the two contributions (viscous o r  momentum) t o  the pressure drop 
i s  neglected. 
I f  the evaporation i s  uniform 
and the pressure difference in the vapor (along a path from Z=O to  Z=L) 
i s  given by 
The consequences o f  these results f o r  Potassium a t  1200°F and {AP),=12 psf 
a re 
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Umax = 2 x 10 6 (rv 
U n l a x  = 200 f t /sec 
- 
These results are identical 
10" f t .  (%1/8") and L = 1 foot, The Reynolds number of the vapor flow 
in the axial direction i s  
Re, = 14.6 
- r2)2/L f t /sec Rer -t 0 
Rer * 
for (rv - r2)2/L = ft.;  e.g., rv - r2 - - 
based on umax = 200 ft . /sec.  and (r, - r2) = IO-' ft .  Hence, laminar flow 
relations  are appropriate. For (r, - 2 / L  < f t . ,  equation (A.8) 
becomes 
rv2- r2Z = 
where: f o  = 2 x lo6 1 /sec 
Again making the assumption 
r2 + rv = 2r2 
equations (A.9) and (A.10) become 
(r, - r2) = 
p3RvTvL2 
A = {a'(l-a)P f f ( k A T ) 3  




Vapor space thickness , (rv - rn)  , i s  presented in Figure A-2 versus L and 
AT for Potassium a t  1200°F as the working f luid,  ~1 = .5, p = 1.5, and for  
two fin materials : Stainless  Steel and Tungsten.  Total heat  transfer  area 
for Q = 5.24 x 10 BTU/hr. i s  presented in Figures A-3 and A-4 for Stainless 
Steel and  Tungsten fins,  respectively. Note t h a t  (rL - r2)2/L < f t .  
for a1 1 the temperature differences plotted i f  the fins are Stainless Steel. 
Thus, equations (A.9a) and (A.lOa) were used. For Tungsten f ins ,  (r, - r2)2/  
L > f t .   f o r  AT 7 11"F,  hence, equations (A.9) and ( l o ) ,  with Umax = 
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Vapor  Pressure Loss i n  Pump: 12 p s f  
a = .5, B = 1.5 
Sta in less   S tee l   F ins  
( k  = 10 BTU/hr f t  OR) 
( k  = 71 BTU/hr ft O R )  
"" Tungs t e n  ' F i  ns 
I' 30 O 
1 I I I 









FIGURE A-2. CAPILLARY PUMP VAPOR SPACE THICKNESS VERSUS 

































Work ing  F lu id :   Potass ium  at  1200°F 
Vapor  Pressure Loss i n  Pump: 12 psf 
a = .5 ,  B = 1.5 
Q = 5.24 x lo6 BTU/hr 











FIGURE  A-3 .   CAPILLARY PUMP HEAT  RANSFER  AREA  VERSUS L FOR VARIOUS 
TEMPERATURE  DIFFERENCES  (STAINLESS  TEEL  FINS) 
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Working Fluid:   Potassium a t  1200°F 
Vapor Pressure Loss i n  Pump: 12   ps f  
a = .5, 6 = 1.5 
Q = 5.24 x lo6 BTU/hr 
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FIGURE A-4. CAPILLARY PUMP HEAT TRANSFER AREA VERSUS L FOR 
VARIOUS TEMPERATURE DIFFERENCES  (TUNGSTEN FINS) 
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1.4 MAXIMUM  INTERNAL  DIAMETER OF WICK; NUMBER OF PUMPS 
I t  i s  desirable that the liquid flow w i t h i n  the wick feed tube be i n  
the form of a slug which f i l l s  the tube cross-section rather than  a pool, 
This implies that the capillary pressure head i n  the liquid supply duct be 
greater than the difference i n  hydrostatic pressure across the duct. 
Then Pkgdl < 4cscos0/dl (A. 15) 
For operation on earth w i t h  Potassium a t  1200°F as the working f lu id ,  
equation (A.15) implies  that 
dl < .0209 f t .  
This requirement resu l t s  i n  a large number of pumps being necessary t o  
obtain the required heat transfer area. The  number o f  pumps required i s  
A 
N = 2 q  (A .  16) 
Consider r2 = dl = .02 f t .  (r2/rl=2). Then for  the  smallest value of  
A/L in Figure A-4 (94.7 f t .  a t  L = 1 f t . ,  AT = 50°F) 
N = 755 
One i s  led to consider an annular liquid space. However, i f  r2 i s  la rge  
enough so t h a t  N i s  reasonable, the pump wick i s  i o c a l l y  f l a t ,  and the pump 
i s  l i ke  the  t h i n  screen pump except that the wick i s  th icker  and  the heat 
i s  s!Jpplied from the vapor side. 
1.5 LIQUID FLOW PRESSURE LOSSES 
I n  this subsection, i t  is confirmed t h a t  the pressure loss in the 
l iquid flow within the pump i s  negligible. The total  mass flow ra t e  i s  
The largest  l iquid flow ra te  i n  an individual pump corresponds t o  the case 
with the smallest number of pumps (755 from Section 1.4), v i z . ,  
2.42 x lbm/sec. 
10 6 
The  mean flow velocity at the entrance t o  the pump is  .167 f t / sec  ( for  dl  = 
0.02 f t )  and the corresponding pressure gradient in Poiseuille flow is 
.0411 1 b f / f t 3 .  
The largest pressure loss i n  the wick occurs for the smallest area 
rather than the snlallest A/L. If equation (A .5 )  i s  multiplied by N,  $ 
rep1 aced by Q/hf  and use made of  equation (A.16) there is  obtained 
9 '  
For the smallest area from Figure A-4 (21.2 f t  ) ¶  r2 = .02 f t .  , r2/r, = 2 ,  
and K = .0472 x loe8 f t 2  (for H1 Nickel f e l t  from Table 10 of  Reference 3 )  
2 
P 
(AP),  = .168 lb f / f t2  
Final l y ,  we can evaluate the error due t o  replacing (rv + r2)  in equation 
(A.8) by 2r2. The largest  error  occurs for  AT = 50°F, L = 1 f t ,  and with 
Tungsten f ins .  I f  r2 = .02 f t .  the error in (rv - r2) and A is about 20 
percent. For the Stainless Steel fins , the  la rges t  e r ror  i s  about 5 
percent. This error is  conservative; i .e. ,  the correct area is  smaller.  
However, the neglect of  one of the contributions t o  the vapor pressure 
gradient is unconservati ve , and the results i n  Figures A-3 and A-4 are 
expected t o  be  somewhat unconservative. 
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2. ANALYSIS OF A TWO-DIMENSIONAL  CAPILLARY PUMP 
WITH CONVENTIONAL WICK 
The case o f  a thick wick which f i l l s  the space between heat source and 
vapor i s  considered in th is  sect ion.  F igure A-5 presents a schematic o f  a 
capi 1 l a r y  pump c e l l   o f   t h i s   t y p e .  
The f l u i d  motion i s  descr ibed by the cont inui ty equat ion 
diiz k AT 
dz Ph2 hfg 
"- - 
and Darcy ' s  law 
(A.17) 
(A. 18) 
In tegrat ing equat ion (A.17) subject  t o  the boundary cond i t ion  tha t  Vz = 0 
a t  z = 0 and s u b s t i t u t i n g  i n  e q u a t i o n  (A.18) y i e l d s  
Then the pressure dif ference between z = 0 and z = L i s  given by 





The to ta l  heat  f l OW rate through an element o f  l eng th  L and width W i s  
given by kATWL Q = T  (A.21) 
From equations (A.20) and (A.21) the pump area required to t ransfer a 
given heat f low rate i s  
A = QL f 
2p kATK APhfg (A.22) 
LO 8 
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HEAT I N  
FIGURE  A-5.  SCHEMATIC OF CAPILLARY PUMP CELL 
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I t  i s  assumed for the purpose of this analysis that the pressure loss 
in the condenser i s  1 / 2  psi (72 1 bf / f t2) .  The pressure head requi red t o  
drive the vapor through the evaporator i s  negligible,  then we a1 so have 
*p = 2 U C O S  0 
b- - 72 
I 
C 
where : = effect ive pore rC 
o = wetting  angle 
1 b f / f t2  
radius 
(A.23) 
0 = surface  t nsion 
r < .14 x ft .  
C 
(A.24) 
I t  is  also desirable that the product K A P  be as large as possible. P 
This resul ts  i n  a min imum thickness, h ,  from equation (A.20), for given 
AT, L ,  and 1 iquid properties, and a minimum area,  from equation (A.22) ,  
required for a given heat flow rate .  O f  three materials which sa t i s fy  
equation (A.24) 
400  mesh screen 
H1 and H3 nickel f e l t  (Reference 2 ,  Table 10 )  
the maximum value of K A P  i s  P 
(12 ps f ) ( . 0472  x 10 f t  ) = .566 x lbf -8 2 
for H1 nickel f e l t .  
For th i s  wick material and for Potassium a t  1200°F as the working 
f lu id ,  Figure A-6 presents h versus L and A T .  Figure A-7 presents L and 
AT for the further specification t h a t  Q = 5.24 x low6 BTU/hr. 
Working F lu id :   Potass ium a t  1200°F 
Wick M a t e r i a l :  H1 N i c k e l   F e l t  
Flow  Pressure Loss i n  Wick:  12 p s f  
Two-Dimensional  Analysis  (One-Dimensional  Flow) 
L, FEET 
FIGURE A-6. CAPILLARY PUMP W I C K  THICKNESS VERSUS L FOR 





















Working Fluid: Potassiunl a t  1200°F 
Wick Material : H1 Nick& Felt 
Flow Pressure Loss in Wick: 1 2  psf 
Total Heat Flow Kate = 5.24 x 10 BTU/hr 
Two-3imensional Analysis (One-Dimensional F l o w )  
6 - 
L, F E E T  
F I G U R E   A - 7 .   C A P I L L A R Y  PUMP AREA  VERSUS L FOR VARIOUS 





A T = 5 O 0 F  
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3 .  ANALYSIS OF TWO-DIMENSIONAL  CONSTANT-GAP 
CAPILLARY HEAT PUMP 
The fo l low ing  sec t ion  ana lyzes  the  use o f  a single screen wick which 
i s  h e l d  a t  a uniform distance from the heat source. The screen i s  f ed  by 
1 i q u i d  f l o w  t h r o u g h  t h i s  gap from 1 i n e  sources on two opposite edges. 
Consider an element o f   f l u i d  o f  I 
l eng th  dz, w id th  w, and height hf .  
Assume: P = const  
94 p 4  
41 - 43 
- dZ * 4 
T2 - T4 = AT 41 b 43 
i l  ni3 
Since m2 = 0 
m4 = ml - m3 
- 
= pWhf[Vz(Z) - Vz(r+dz) ]  
o r  
where: V i s  an  average v e l o c i t y   d e f i n e d  by v = t o t a l  
The conduction length includes the screen thickness, hs  
- 
The t o t a l  r a t e  o f  h e a t  t r a n s p o r t  i n  t h e  v e r t i c a l  d i r e c t  




mass f low/f low area. 
Thus, 
on i s  
P *  ‘zp (A.26) 
(A.27) 
A t  z=O v=O (see  Figure A-8) then 
vz - - k AT2 
Phf  ht hfg (A.28) 
There i s  a m a l  1 v e l o c i t y  component i n  t h e  y - d i  r e c t i o n .  S i n c e  
m = PVA 
we have from (A.26) t h a t  
- k AT 
vy = 
Th is  i s  sma l le r  t han  v2 by  the  ra t i o  h f /L .  
The v e l o c i t y  i s  r e l a t e d  t o  t h e  p r e s s u r e  g r a d i e n t  by the z-momentum equation: 
(A.29) 
It i s  assumed that the convect ive terms 
av  Z a V Z  
@z al + vy ay 
are   neg l i g ib le .   Th i s  w i  11 be considered  again. The boundary  condit ions 
fo r  equa t ion  (A.29) are 
v z  = 0 f o r  y = hf /L 
and t h e   s o l u t i o n   i s  : 
3 
I n  terms o f  an average v e l o c i t y  
- 
V = t o t a l  mass f low/ f low  area 
t h e  s o l u t i o n  i s :  
(A.30) 
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LIQUID I N  
VAPOR OUT 
HEAT I N  
FIGURE A-8. SCHEMATIC OF CAPILLARY HEAT PUMP 
I 
Combining equations (A.28)  and  (A.30) y i e l d s  
9 = 12pk AT z 
dz Phf hfz h f g  
L 
then AP = 12pk AT j z d z  = -- 6  kL2 AT 
P h f  hf3 h fg  hf hf fg 
0 
and ht - 
- 6pkL2 AT 
Phf hfg AP 
For negl ig ib le screen thickness 
ht = hf = h 
Now dQ = qwdz = k - wdz AT 
ht 
and Q =   a d z  z - kATWL -7.1, 
since  Q(0) = 0. This  can be r e w r i t t e n  
From equations (A.31)  and  (A.32), 







De f in ing  






A l t e r n a t i v e l y ,  i f  Q i s  f i x e d  and the requi red area (WL) i s  sought, we 
d e f  i ne 
A, = lim A - 4 kAT 
hf -+ h 
and f rom equat ion (A. 35) 
(A. 37) 
Equations (A. 34) and (A. 37) can be used t o  c a l c u l a t e  t h e  e f f e c t  o f  any 
given screen height, hs , on the  requ i red  area  and f low th ickness.  F igure 
A-9 presents hf and A/Ao versus h f o r  hS = 4 mils .  F igures A-10 and A-1 1 
present hf  and A = WL, respect ive ly ,  versus L and AT for Potassi um a t  
1200°F as the  work ing  f l u id ,  AP = 81.2 l b f / f t 2 ,  hs = 4 mi ls ,  and 
Q = 5.24 x 10 Btu/hr .  6 
T h i s  a n a l y s i s  i s  v a l i d  o n l y  i f  the convect ive terms i n  the z-momentum 
equa t ion  a re  neg l i g ib le  and i f  the  f l ow  i s  l am ina r .  Bo th  o f  t hese  cond i t i ons  
f a i l  i f  t h e  v e l o c i t y  i s  h i g h  enough. From equat ion (A.28) the maximum 
v e l o c i t y  ( a t  z = L )  i s  g i v e n  b y  
For  s imp l ic i t y ,  cons ider  h f  = ht = h. Then, us ing equat ion (A.32), 
(A. 38) 
I / nf 
/ A. = hQ/knT h, = 4 mils 
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FIGURE  A-9.   CAPILLARY PUMP GAP THICKNESSy h f y  AND RATIO OF 
REQUIRED  AREA FOR h, = 4 m i l s  TO REQUIRED  AREA FOR 
h, = 0, A/A,, VERSUS h (Gap T h i c k n e s s  for h, = 0 )  
NORKIIJG FLUID:   Potass iun~ a t  1200°F 
Puri~p P r e s s u r e  Head = 8 1 . 2  1 b f / f t  
Screen  Thickness = 4 mi 1 s 
Two- i l imens iona l   Ana lys is  
2 
hf 
+ o o o o o o o  
il . 2  .4  .6 .8 1.0 






FIGURE A-10. CAPILLARY PUMP GAP THICKNESS VERSUS L FOR 
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0 
WORKING F L U I D :  Potassium at 1 2 0 0 ° F  
Pump Pressure Head = 81.2 I b f / f t  
Screen Thickness = 4 mils 





4 0 0 0 0 0 0 0  
0 .2  .4 .6 . a  1 .o  
L, feet 
FIGURE  A-11.   CAPILLARY PUMP AREA  VERSUS L FOR 
VARIOUS  TEMPERATURE  DIFFERENCES 
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T h u s ,  f o r  a given working f l u i d ,  a maximum velocity implies a maximum value 
of APAT. 
The t rans i t ion ,  Reynolds number f o r  pipe flow, i s  2000. For a thickness 
h = f t .  and for  Potassium a t  1200°F (P = 46.15 l b c / f t 3 ,  p = .357 lbm/hr. f t ) .  
Then, from equation (a.38) 
APAT < 2320 - lb fR.  
f t 2  
or for  A P  = 81.2 l b f / f t 2  
I t  a l s o  turns o u t  for this case that convection terms are not negligible.  
For a length L ,  of 1 f t . ,  and V2(L) = 4.3 ft /sec 
pvz - A vz - 
Ai! - 26.6 l b f / f t 2  
and this  i s  n o t  small compared w i t h  81.2 1 bf / f t2 .  The other convective 
term has the same order of  magnitude. 
The equations which describe the two-dimensional heat pump a re  
summarized as follows: 
h 4  = h f 3 ( h f  + h s )  
Qo - - - ~ A T W L  h 
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The result when the screen thickness, hs , i s  neglected is  given by Qo. 
Figure A-9 presents hf and A/Ao for a 4 mil screen thickness. The quantity 
A/Ao i s  the ratio of required area for a f i n i t e  hs t o  the required area for 
hs = 0 when Q i s  fixed. F i  gures A-10  and A-1 1 present hf and A = WL , 
respectively versus L and T for the following heat pump specifications: 
Working fluid': Potassi um a t  1200°F 
A P  = 81.2 1 bf/ft2 
hs = 4 mils 
Q = 5.24 x lo6 BTU/lbm 
The analysis is valid only i f  the convective terms i n  the z-momentum 
equation are negligible and i f  the flow i s  laminar. Both o f  these conditions 
fail if the velocity is high  enough. I t  has  been  shown that these reauire- 
rnents limit the operating temperature difference t o  AT<30"F fo r  a pumD w i t h  
Potassium a t  1200°F as the working fluid,  with a pressure head of  8.12 psf, 
and with a gap  thickness of feet. 
1 2  2 
I 
4. ANALYSIS OF A THREE-DIMENSIONAL 
CAPILLARY  HEAT PUMP 
Section 3 presents an analysis of a two-dimensional heat pump f o r  
which the only  nonzero velocity component i s  i n  the z-di rection. For 
ve loc i t ies  in  both the x- and z-di rections (see Figure A-12)  the continuity 
and momentum equations generalize to 
v.v = k AT 
P(hf+hs)hf  hfg 
V P  = !J a 
a Y2 
(A.39) 
( A . 4 0 )  
Convection terms are neglected in the momentum equation and gradients of 
velocity in the x- and z-directions are assumed small compared w i t h  the 
velocity  gradient i n  the y-direction. As discussed i n  Section 3 , the 
f i r s t  asswnpti on  may n o t  be good i f  AT is  high enough. The second 
assumption i s  very good since  velocity changes  over a distance Ay f t .  
are  comparable w i t h  changes i n  the x- and y-directions over a distance on 
the order o f  one foot .  
The solution of (A.40) i s :  
12pV 
h f  
cp = - - -  
for boundary conditions V = 0 a t  y = h f / 2 .  Taking the divergence of 
equation (A.41) and using equation ( A . 3 9 ) ,  we obtain 
(A.41) 
(A.42) 
The solution of equation (A.42) f o r  a rectangle o f  sides 2a and 2b w i t h  
uniform  pressure on the boundary i s  given on p. 171 o f  Reference 2. For 
a square of side 2L, the to t a l  pvessure drop from edge to  cen te r  i s  
(A.43) 
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LIQUID  IN 
LIQUID 
I N  
LIQUID 
I i l  
LIQUID I N  
VAPOR OUT 
LIQUID  LIQUID 
I N  
& t 
I N 
HEAT I N  
FIGURE A-12. SCHEMATIC OF SQUARE  CAPILLARY 
HEAT  PUMP  ELEMENT 
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T h i s  i s  e x a c t l y  t h e  same r e s u l t  as i s  obtained for the two-dimensional heat 
pump (see Section 3 , )  except  fo r  the  cons tan t  1.41. From equat ion (A.43) 
hf3(hf+hs) = 8.46vkATL 
h fcJ P 
0 
where  dQ = qLdz = Ldz 
kATL2 we obta in  Q = 
(A.44) 
(A.45) 
For hS = 0 
hf - @-r 
from  equation  (A.44). Thus, t h e  t o t a l  h e a t  f l o w  r a t e  p e r  u n i t  a r e 6  i s  
greater for  the square element than for the two-dimensional  e lement by 
the  fac to r  
1.41 = 1.09 
The quant i t y  hs  appears i n  the two-dimensional analysis o f  S e c t i o n  3 
i n  the same way, and t h e  r e s u l t s  f o r  gap thickness and t o t a l  a r e a  i n  
Sect ion 3 . can be used f o r  t h e  square heat pump i f  appropr ia te ly  modi f ied.  
From Figure A-9, i t  i s  seen t h a t  
hf  versus h = d m  
i s  very  near ly  1 i n e a r  f o r  a1 1 values o f  hf. Thus, hf fo r  the  square  pump 
dill be close t o  n ine  percent   greater .  From equat ion (A.45) 
A - (hf+hs 
and t h e  r a t i o  o f  square pump area t o  t h e  2 dimensional pump area i s  
hf+hs 
1 .09hf+hs 
Thus, the decrease i s  s u b s t a n t i a l l y  less than nine percent for  reasonable 
values o f  hs. 
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NOMENCLATURE 




































di ame t e  r 
2 x 106 l/sec 
acceleration due to  grav i ty  
wick t h i  ckness 
gap thickness between condenser and bottom of screen 
heat of vaporization. 
screen thickness 
wick permeability 
thermal  conductivity 
1 ength  
mass flow r a t e  
number of pumps 
pressure 
pressure difference 
heat flow rate 




e f   fec t i  ve pore  radi us 
temperature 
temperature difference between ex ter ior  of cy1 inder 
and vapor 
average velocity (volume flow rate  per  u n i t  area) i n  
axi a1 d i  r ec t i  on radi a1 d i  r ec t i  on 
width 
(min imum f i n  cross-sectional area)/2rr2L 
(conduction path length)/(rv - r z )  
wetting angle azimuth i n  cy1 i ndrical. coordinates 
viscosi ty  coeff ic ient  
dens i ty  
surface tension 





PHYSICAL AND THERMOLIYNAMIC PROPERTY EQUATIONS 
The physical and thermodynamic propert ies  for  the three potent ia l  
working f l u i d s  (sodium, potassium, and cesium) were obtained i n  equation 
form  from References 1 through 7. The specific  property  data  required 
f o r  the study was: 
Vapor pressure - temperature 
Enthalpy of saturated l i q u i d  and vapor 
Heat o f  vaporization 
Density o f  saturated 1 i q u i d  
Equation of s ta te  for vapor 
Viscosity o f  1 i q u i d  and vapor 
Specific heat of l iqu id  
Surface tension of l i q u i d  
Thermal conductivity of 1 i q u i d .  
The equations used for  calculat ing these propert ies  are given in 
t h i  s Appendi x. 
Subroutines were wr i t ten  for  the  f lu id  proper t ies ,  so t h a t  they were 
calculated i n  the program as a function of fluid and local temperature. 
The conversion coefficients were included i n  the individual subroutines, 
as required, so that the properties given by the program are in the 
Engineering system of units. 
The physical constants for the three fluids are given in Table 1 .  
Table 1 .  Phvsical  Constants o f  Fluids  
Sodi um Potassium Ces i urn 
Engr. cgs Engr. cgs Engr. cgs 
Units Units Units Units Units Units 
_____f_. - . "i -_"_-- ic 
Atomic Weight 22.991  39.100  132.91 
delt ing  Temperature "FYoc  208.15  97.86  45.8  63.2 83.5  28.6 
L i q u i d  density a t  she 3  57.78 0.9255 51.38  0.8230  114.74  1.838 
Me1 t i n g  Temp. 1 b / f t  ,gm/cm 
Heat f Fus ion ,3 tu / lb ,  48.67  27.04  25. 4  14.30  7 0 3 3 913 
Norma Boiling Temp."F,"C 1620.1  882.3  400.0  760.0  1236.6  69.2 
Heat of Vaporization a t  
the Normal Boiling Temp. 1676.7  931.48  801.63  445.35  212.65  118.14 
3tu/7b,  cal/gm 
Critical  Temperature "F,"C 4172  2300+60 - 3452 1900+50 - 3092 1700+10 
Cri t i ca l   P re s su re ,   p s i a  4953 337+40  2425  165+20 1940  132+8 
Cri t ca l  3Densi t y  , 1 b / f t  , 0.371 3.206+ 0.364 0.202+ 0.781  0.434+ 
gm/cln 0.016-  0.01 5- 0.005- 
cdlPgm 
3 
- - - 
1.1 PROPERTY EQUATIONS FOR SODIUM 
o Vapor Pressure of Saturated  Liquid 
l o g  P (atln) = 3.84235 - + 0.20171 log T ( " K )  5153.7 
T ( " K )  
o Enthalpy o f  Saturated  Liquid 
" il. (cal/gm)=l6.151+0.33994t("C)-3.8984~10 -5 t 2 ( 'C)+1.4834~10 -a t 3 ("C) 
The reference  temperature   for  t h i s  equation i s  25°C. 
o Heat  of  Vaporization 
h (cal/gm) = 1157.65 
f g  
o "- Uensi t y  of Saturated  Liquid 
p.  (3m/crn3) = 0.206+1 .017x10-2(2300-t)'/2 + 1 .1  x 10-4(2300-t)  
1.2 9 






log  0 
B C  D 
v2 v3  
1 + - + - + -  (T = OK) 
-2.3013 + 3752*9 T + log  T 
El< 0 
2.9771 + 6021 .7 
c > o  
5.2956 + 7521.7 
Viscosi ty  of  the Liquid 
log c((mp) = 1.31558 + 234*00  -0.42966 log  T("K) 
T("K)  
Viscosi ty  of  the Vapor 
p ( m )  l b  = 0.0275 + 0.175(10-4)T(oF) 
Spec i f i c  Heat  of the L i q u i d  
C (cal/gm"C) = 0.33994-7.7968 x 10-5t(oC) + 4.4502 x 10 t ("C) -a 2 
P 
Specific Heat o f  the Vapor 
C (Btu/l boR) = 0.21598 + 6.053exp(-37280/T) (OR) P 
Surface Tension 
o(-) = 202.14 - 0.0986 T{"C) cm 
Thermal Conductivi-ty of  the Liquid Sodium 
k ( h r  f t  O F  ) = 47.97 - 0.01035T("F) 
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1.2 PROPERTY EQUATIONS FOR POTASSIUiYi 
o Vapor Pressure of S a t u r a t e d   L i q u i d  
l o g  P (atrn) = 2.5324 - 4068'9 + 0.4665  log ( T " K )  
T("K) 
o - Enthalpy of S a t u r a t e d   L i q u i d  
H = 9.578 + 0.19042t("C) - 1.6533 x 10 -5 t2 (0C)  + 
2.2490 x 1 0  -8 t 3 (OC), The r e f e r e n c e  t e m p e r a t u r e  f o r  t h i s  e q u a t i o n  
i s  25°C. 
o Dens i ty  o f  S a t u r a t e d   L i q u i d  
~ ~ ( g r n / c r n ~ )  = 0.202 + 1.125 x l o -*   (1900- t ) ' / 2  + 7.601 x 10-5(1900-t)  
o V i s c o s i t y  o f  the  L iqu id  
l o g  pa(rnp) = 2.13880 + - 0.71317  log T ( " K )  13 .O 9 
T("K) 
o V i s c o s i t y   o f  the Vapor 
lJ k .  I b  ) = 0.0262 + 0 .15(10-4 )  T ( " F )  
o S p e c i f i c   H e a t   o f  the L iqu id  
C p  (cal/grn"C) = 0.1904 - 3.3067 x lO-'t("C) + 6.7470 x 10 t ( " C )  -8 2 
II 
o S p e c i f i c   H e a t  o f  the  Vapor 
C ( B t u / l  b"R) = 0.12700 + 2.888 exp(-28070/T) (OR) 
P 
I 
o Equat ion  of   State  
p = R T ( v + - + - + - + -  1 B C D E F  ( T  = " R )  
+ -1 
v 2  v 3  v 4  v5 v6 
B = -0.13019 
C = -1.2388 X 
D = -1.4179 X 
E = 7.9205 x 
0.5 
1 O7 exp (900/T) (cm mole 
10l1 exp (1000/T)(cm3mole -1 ) 3 
exp (7000/T) ( cm3mol e-1 ) 
3 -1)2 
0 l5  (cm3m01e -1 4 
F =-3,5099 x lo1' (cm mole 3 -1)5 
o Surface  Tension 
u (-) = 121.31 - 0.0739 T ( " C )  cm 
o Heat o f  Vaporization 
h f g  
= 560.27(1- U ) O  2173 3558  (ca 1, g 
o Thermal Conductivity of  the L i q u i d  Potassium 
k(hr f t  O F  ) = 29.15 - 0.008 T ( O F )  
1 . 3  PROPERTY EQUATIONS FOR CESIUM 
o Vapor Pressure of  Saturated  Liquid 
1 Og p (atm) = 3.36292 - 3G17*76 + 0.16005  log T ( " K )  
T("K)  
o Enthalpy o f  Satura ted  L i q u i d  
h (cal/gm) = 2.182 + 6.8412 x lo -2 t (oC)  - 4.0160 x 
R 
10 t ( " C )  + 2.6653 x 10 t ( " C ) .  The reference   t empera ture   for  
t h i s  e q u a t i o n  i s  25°C. 
-5 2 -8 3 
o Density o f  Satura ted  L i q u i d  
P (gm/cm3) = 0.434 + 2.495 x 10-2(1770-t)2 + 2.083 x 10-4(1770-t)  
R 
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o V i s c o s i t y  of t h e   L i q u i d  
l o g  bg(mp) = 0.84005 + 205'902 - 0.27958 l o g   T ( " K )  
T("K)  
o V i s c o s i t y   o f   t h e   V a p o r  
lJ (m Ib ) = 0.0337 + C1.25(10-~) T("F) 
o S p e c i f i c  " H e a t   o f   t h e   L i q u i d  
- 
Cp (cal/grn"C) = 0.068412 - 8.032 X 10-3 t (oC)  + 7.9959 X 1 0 - 8 t 2 ( o c )  
R 
o Speci f i  c Heat o f  t h e  Vapor 
C (B tu / l b "R)  = 0.037361 + 1.3090e,p(-25663/~) ( O R )  
P 
o Equat ion o f  S t a t e  
P = R T ( , + - + - + - + - + - )  1 6 C D E F  ( T  = O K )  
v2 v 3  v4 v5 v6 
B = -82.173T0.15exp ( 3 3 5 0 / T ) ( ~ r n ~ r n o l e - ~ )  
C = 2.7318 x l o 7  exp  (1500/T)(cm3mole-1)2 
U = -1.0421 x 1OI2 exp (550/T)(cm3mole -1 ) 3 
E = 1.2610 x 10 (cm mole 
F = -3.6091 x 10  (cm  ole ) 
16 3 -1)4 
19 3 -1 5 
o Surface  Tension 
u (-) = 76.4 - 0.030[T("F) - 831 cm 
o Heat o f   V a p o r i z a t i o n  
h fg  
= 147.12(1- ) T O K  0.3547 
2043 ( C q g  1 
o Thermal   Conduct iv i t y  o f  L i q u i d  
C(B tu /h r  f t  O F )  = 13.95 - 0 .00365T("F)  
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DESIGN COMPUTER PROGRAM 
This appendix presents a description of the design computer program. 
Section 1,Program Abstract, gives a brief summary of the program's purpose 
and application and shows the calculation sequence.  Section 2 ,  I n p u t  Data 
List, gives a definition of the symbols used i n  the i n p u t  data block and 
the format for the data cards. Section 3,  O u t p u t  Data List, gives a similar 
definit ion of the data output from the calculations. Section 4 ,  Program 
L i s t i n g  , gives a 1 i s t ing  of the program card deck and i t  also gives 
listings for  subroutines used to calculate the properties of the working 
fluids as a function of temperature. 
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1 .  PROGRAM ABSTRACT 
The design program was written for the purpose of calculating the 
optimum radiator size and weight for  a specific capillary pump, vapor,  and 
liquid 1 ine dimensions. A t  the same time, the program calculates the pump, 
working f lu id ,  and l ine weights and gives a total  system weight. Using 
this  program the pump variables can be varied, i n  turn, and computer. 
runs made t o  get  the  corresponding  system  weights. In t h i s  way, the pump 
dimensions which result in a minimum system  weight are obtained. This 
minimum weight i s  relative since the heat f lux input is  arbitrari ly set  
equal t o  the total heat load divided by the number o f  heat rejection 
1 oops. 
The pump dimensions and system variables which  were varied, are heat 
transfer area,  wick thickness, pore diameter, distance between liquid feed 
a r te r ies  and  the liquid and vapor line diameters and lengths; and heat flux 
(number of loops),  working f lu id ,  and working fluid subcooling. 
The following block diagram shows the computing sequence. 
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(7 START 
C 3 l c u l a t e  Ti 
r i e a t  T r a n s f e r  
R a t e   E q u a t i o n  + Guess 
F i n d  kf 
P r o p e r t y  
1 
H e a t  T r a n s f e r  




F i n d   P v ,  H v  
S t a t e  
E q u a t i o n  
C a l c u l a t e  H1 
Energy  
Equa t i  on 
c 1 
Energy, Mass 
E q u a t i o n  
C a l c u l a t e  P1 
Momentum 
Equa ti on  
Ca lc .  Po 
Momentum, 
Mass  Equ- 
C a l c .  P3 
Momen tum, 
Mass  Equ- 
C a l c u l d t e  
Nass  Cndrgcd 
t o  Pumper 
F ind  Mass o f  
I4atc l : iny   Opt i  
m i  ze,; Rad ia -  e07, Sys terns 
I 
(”) 
1 A P  
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2 .  INPUT DATA LIST 
The following table describes the individual input card format and 
defines  the symbols used in  the d a t a  block. Real variables and integer 
variables are defined according to standard FORTRAN rules (integers begin 
with i ,  j ,  k ,  1, m a  or n ) .  
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LIST OF SYMBOLS USED I N  DATA BLOCK 
SYMBOL DESCRIPTION UNITS LIMIT 
CARD 10 (12A6) 
AWOTE 












Any  comment  may be typed i n  C o l  . 1-72.  This comment 
wil be p r i n t e d  on each run. 
Condensation  coeff i c i   e n t  
Thickness o f  metal between  power conversion 
cap-pumper. 
Thermal conduct iv i t y  of  metal  between power 
loop and cap-pumper. 
loop and 
conversion 
Temperature o f  potassium i n  power conversion loop. 
The t o t a l  h e a t  t o  be re jec ted  by capi Ilary-pump loop 
r a d i  a to rs .  
Area of capi  11 ary-pump 1 i q u i d   t o  vapor interface (Screens) 
plus area of d i s t r i b u t i o n  m a n i f o l d  (normal to heat f low) 
Temperature a t  l i q u i d  t o  vapor in te r face .  
Thickness  of l i q u i d  metal i n  capil lary-pump from rnetal to 
1 i q u i d  t o  vapor  in ter face.  
Btu/hr-ft2-OF 
f t  




LIST OF SYMBOLS USED I N  DATA BLOCK (Cont 'd)  
SYMBOL DESCRIPTION UNITS L I'MIT 
CARD 40  (8E9.4) 
R 
GEE 
CARD 50 (8E9.4) 
P DT SC 
8 






Capi  11 a r y   e f f e c t i  ve r a d i  us 
Acce lera t ion  due t o  g r a v i t y  
Subcooling a t  cap i l la ry -pump in le t  
Length o f  t u b i n g  f r o m  r a d i a t o r  o u t l e t  t o  c a p i l l a r y - p u m p  
i n l e t  ( l i q u i d  l i n e )  
Length o f   t u b i n g  from capi 1 lary-pump out1 e t   t o   r a d i a t o r  
i n l e t  ( vapor  l i ne )  
L i q u i d  l i n e  - tube wal l  th ickness 
Vapor l i n e  - tube wal l  th ickness 





f t  
ft 
ft 
1 b / f t 3  
LIST OF SYMBOLS USED IN DATA BLOCK (Cont'd) 
SYMBOL DESCRIPTION  UNITS  LIMIT 
CARD 70 (3E9.4,15) 
W Capillary-pump f l u i d  flow r a t e  1 b/hr 
Dl L iqu id  l i n e  ID f t  
D2 Vapor 1 ine ID f t  
I Capi  11 ary-pump i l  u i  d (1  =Na 2=Ky 3=Ce) 
P 
@ 
P CARD 80 (2E9.4,415) 
" 
ID Convergence c r i t e r i a   f o r   i t e r a t i o n  on temperature a t  "F 
1 iqui d vapor  interface.  
WD Convergence c r i t e r i a   f o r i t e r a t i o n on flow r a t e  1 b /hr  
NCC Number of i t e r a t i o n s  (upper 1 imi t )  before program aborts.  " 
I11 Program control trigger. If  I11 5 0, program will print 
out intermediate calculated values of selected var iables .  
If I I1 2 1 , program wi 11 not print out these var iables .  
NLOOP Number of capi 1 l a ry  pumped 1 oops 
N U M  Number of  elements per capi 1  lary-pumped loop 
LIST OF SYMBOLS USED IN DATA BLOCK (Cont 'd )  
~ ~ ~ ~~~ 
SYMBOL DESCRIPTION u r n s  LIMIT 
CARD 90 (215) 
M10 
N10 








CARD 110 (215) 
KAA 
CARD 120+, 121 
etc. (8E9.4) 
Nunber of Z10 curves i n  family of curves (curve 10). 
Curves provided by D .  Wanous. Radiator weight as a function 
of AP for several temperatures a t  radiator inlet. 
Number of sets of X10 and Y10 points per curve 
The  number of cards depends upon the val ues of M10 and N10 on 
Card 90. There w i  11 be one card for each MI0 plus  one card 
for each of four (X10, Y10) pairs. 
Identifying temperature (must be input i n  increasing order) 
of the curve - where the temperature i s  a t  the inlet  to 
the radi a tor .  
AP across radiator (must be i n p u t  i n  increasing order). 
Total weight of radiator per capillary pump loop. 
Number o f  areas, A ,  t o  be studied. 
The  number of cards depends upon the value of KAA. There 





PS 1 12 per ea.Zl0 
1 bs 12 per ea.Zl0 
" 10 
LIST OF SYMBOLS USED I N  DATA BLOCK (Cont'd) 
SYMBOL DESCRIPTION  UNITS  LIMIT 
AA Value of area, A, t o  be studied f t2 
CARD 130 (215) 
KGAP Number of gap widths , DXF, to  be studied " 
CARD 140+, 141 
etc.  (8E9.4) The number of  cards depends upon the  value of KGAP. There 
wi 11  be a number of cards equal to  the f i r s t  interger 
tJ 
(id 
P 1  arger  than (KGAP/8) .  
GAP Value o f  gap, D X F ,  t o  be studied 
CARD 150 (215) 
KNUM Number o f  elements, N U M ,  t o  be studied 
CARD 160+, 161 
etc .  (819j The  number o f  cards depends upon the  value o f  KNUM. There 
w i l l  be a number o f  cards equal t o  the f i r s t  interqer 
larger t h a n  (KNUM/8). 
KNUM Value o f  number o f  elements, NUM, studied 




3.  OUTPUT DATA LIST 
The principal o u t p u t  fo r  this program is self-explani tory since i t  
does not use computer symbols. The  name o f  each parameter is  printed out 
i n  f u l l .  This pri n t - o u t  i s  divided into two general groups : The input 
configuration and operating parameters are printed out f i r s t ,  and the 
matched system parameters to  which the program converges. This output 
i s  arranged according t o  the following table. 
Table 1 
Capi 1 lary Pump - Program 1 Case No. 
Units: l b ,  f t ,  hr, B t u ,  deg F except  pressure, psi 
Number 
Design Runs fo r  (working f lu id )  Loops - Date 
Configuration: 
F1 ui d 
Number of Loops 
Heat  Rate Per Loop 
Temperature a t  Heat Source 
Heat Transfer Area 
Area 
Gap Width 
Capi 11 ary E f  f .  Kadi  us 
Number of Elements 















- 2 3 4 - - - 
144 
Table 1 (Cont'd) 
Wei ghts/Loop: 
S t ruc ture  
F1 u i d  
Pump Tota l  
Tubing 
Capi 11 a r y  Pump 
Tubing  (Liq) 





Sys tern Tota l  
I n  a d d i t i o n  t o  t h e  o u t p u t  l i s t e d  above, the program user may se lec t  
( se t  111 = 0 on i npu t  Card 8) t o  have other system state condi t ions and 
f l u i d  p r o p e r t i e s  p r i n t e d  o u t .  These appear  before  the  principal  output 
and are arranged as fo l lows : 
Table 2 
T I  
J 










Temperature a t  condenser w a l l  - working f l u i d  
i n te r face  
I t e ra t i on  coun te r  
Conductance o f  t he  work ing  f l u id  l aye r  
D i f f e rence  in  the  ca l cu la ted  and the guess 
vapor temperature 
Vapor pressure i n  the pump 
L a t e n t  h e a t  o f  v a p o r i z a t i o n  i n  t h e  pump 
Density o f  the vapor i n  t h e  pump 
Stat ic  pressure i n  t h e  l i q u i d  l i n e  a t  t h e  
entrance t o  the  pump 
V i s c o s i t y   o f   t h e  1 i q u i  d a t  the entrance to the 
Pump 
Fr ic t iona l  p ressure  loss  i n  the pump 
Cap i l l a ry  p ressu re  r i se  i n  the  w ick  












DPL IQ  
PK I SE 
D E N V  3 
WTRADT 
Table 2 (Cont'd) 
Total pressure a t  the entrance to  the rad ia tor  
Pressure drop across the rad ia tor  
Flow r a t e  i n  the rad ia tor  
Thermal conductivity o f  the working f l u i d  
First guess of the vapor temperature 
Vapor temperature 
Saturation enthalpy of the vapor 
Surface tension o f  the working f l u i d  
Dynamic pressure of the liquid 
Pressure drop i n  the 1 iqu i  d 1 ine 
Net pressure rise through the pump 
Vapor dens i ty  a t  the r a d i a t o r  i n l e t  
Total f l ow  r a t e  through a l l  r ad ia to r s  
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4. PROGRAM LISTING 
L 
C D O   L O O P   F O R   A R E A   V A R I A T l f l N .  
DO 99 I I = l r K A A  
l. 
A = A A (  I I )  
A H T = P E R + A  
C 
C I N S F R T   D O   L n f l P S   H E R E   F O R   G A P   A N D   N I I M R E R   n F   E L E M E N T   V A R I A T I O N S  
nn 9 9  I N I I M = I  ,KNIJM 
E A =  ( A ~ P F R  I / F I . ~ A T  (NI IM) 
N I J M = N N l I M  L I N l l M l  
X L = S O R T   ( F A )  / 7 .  
D O  99  I G A P - 1 . K G A P  
D X F = G A P l   I G A P )  
c 
C N O  I S  A C n I l N T E R   F n R   C A S F   N I I M R F R .  
NO= N n+ I 
c 
T I  O R   T F M P F R A T I I R F   A T  C A P - P I I M P E R  S I D E  O F   M E T A L   W A L L  
T I =  T K - O I I F ” ( l . / H C + T , X S / X K S ) / ( A + P F R I  
c 
I F (  1 1   1 - 1 )  70.71 * 7 1  00370 
7 0  WRITF ( 6 , 9 9 0 1 )  TI  
7 1  C n N T  INl lE 00400 
C 
I T E R A T I O N   F n R   T E M P E R A T I J Q E   A T   L l O l l T D   V A P f l R   I N T E R F A C E   ( S C R E E N S )  I S  P E R F O R M E D  
r. H F R F .  
r. I T f R A T I n N  I S  R F O l l l R E r )   R F C A I I S F  OF T H E R M A L  COND. B E I N G  A F I I N C T I O N  f lF T 
r. 
3 t I F = S K F  ( I .  I ( 1  l + T V )  / 7 . )  ) / I )XF 
On 7 3  . ) = I  .NCC 
T V I  = T I - ( 0 1 1 F / ( A 3 1 I F ~ : P F R ) I  
TVT, = I T V I - T V )  
C I T E R A T T f l N   T F q T   P F R F n P Y l n   H F R F .  
I F  I A R ~ ( T V I - T V ) . L T . T n )  GI1 T O  5 
T V = T V I  
IF(lll-1)7?.73,7~~ 
7 7  C : n N ’ , U = S K F ( I . ( ( T I + T V I / ? . ) )  
W R I T F  ( h . q ~ n 2 )  J , C ~ N P K  
W R I T F  ( 6 , 9 9 0 5 1  l l ~ , l ; ’ l  
 WRIT^ ( h . o s n 4 )  T V ~ ! , T V  
7 3  C C N T  I N l l F  
4 WRITF ( 6 . 9 9 0 5 )  r v r ) , . ~  
S T O P  
5 T V  = T V I  
h C f l N l  I Y l l F  
c 




P V A P 7  = P V (  I . T V )  
H V A P l  = H S A T ( I r T V ) + H V X ( I r T V )  
HL2  = H S A T ( l . T V )  
D E N V Z = R H O V I I . T V )  
S I G 2  = S I C ( I . T V )  
I F   ( 1 1 1 - 1 )  74175175 
W R  I T E  (6.9907) P V A P Z  . T V  
W R I T E  ( h r 9 9 0 f i )  H V A P Z r H L 7  
W R I T E  (15.9909) D E N V Z e S 1 6 2  
C D N T  IN lJF 






0 0 4 7 0  





01 800  
01810 
0 1 8 2 0  




H L 1  = H S A T ( 1 r T L I t  
S I G L l  = S I G ( I v T L 1 )  
RHOL  l=RHOL ( I T T L  11 
H l Z = H S A T ( I , T V ) - C P L ( I . ( T V - ( ~ T S C / Z o ) ) ) * D T S C  
W = B U E / ( H S A T ( I , T V ) + H V X ( I I T V ) - H 1 7 )  
X F R I C = F R I C ( A ~ D X F ~ T I , T V T D T S C T P E R T N ~ ~ M ~ I )  
C PRESSIJRE AT S T A T I O N  1 COMPIJTED H E R E .  
PTl=PVAPZ+I((l./(DENVZ*A2**2))-(1./(RHOLl* 
X Al**2)1)+(W**2)/4.1RE+~~-2.*SIG2/R)/144. 
X + X F R I C  
C A P = S l G Z / ( R * 7 2 . 1  
X M O M L S ~ ~ ~ l . / ~ D E N V 2 ~ A 2 * * Z ~ ~ - ~ l . / ~ R H ~ L l ~ A l * * 2 ~ ~ ~ ~ ~ W * * 2 / ~ 4 ~ l ~ E + O R ~ l 4 4  
X.) 1 
P L l = P T 1 - ( . 5 t W * e 2 . / ( R H ~ L l ~ ~ A ~ ~ ~ 2 . ~ 1 4 4 . ~ 4 . 1 ~ € + 0 R ) )  
I F ( P L l ) h l . 6 2 . 6 2  
61  P L l = O .  
6 2  CONT INIIE 
P T 1 = . 5 * W + ~ 2 . / ~ R H O L 1 * A 1 * ~ ~ 2 . * 1 4 4 . * 4 . 1 t 3 E + 0 8 ~  
P R I   S E = P V A P Z - P T  1 
F R L O S S = X F R I C / P R I S E  
X M U L l = X M ( I L (  I . T L l )  
C PIPE  LOSSES  FROM  STA 0 TO 1 COMPUTED  HERE. 
D P L I 0 ~ O . 2 6 3 E - l 1 ~ ~ X M I J L 1 * + O . 2 5 ~ * ~ ~ W / A Z ~ ~ * 1 ~ 7 5 ~ ~ ~ X L 1 ( 3 / ~ 4 H O L 1 ~ ~ 2 ~ ~ 1 ~ 2 5 ~  
P T O = P T l + D P L I Q  
I F   ( 1 1 1 - 1 )   7 7 9 7 R ~ 7 R  
77 WRITE (6,9911) P L l v P T 1  
W R I T E   ( 6 , 9 9 1 2 )   X M U L ~ T D P L I O  
W R I T E   ( 6 . 9 9 2 0 )   X F R I C v P R I S E  
W R I T E   ( h r 9 9 1 9 ) C A P v X M O M L S  
78 C O N T I N U E  
C P I P E   L O S S E S  FROM  STA 2 TO 3 COMPtJTED  HERE. 
C SMALL  INCREMENTS  OF  P IPE ARE U S E D   D U E   T O   E N S I T Y   V A R I A T I O N  
C A S  A F IJNCTION OF PRESSIIRE.  
NN= 10 
P V A P (  1 )  = P V A P 2  
DENV ( 1) =DENV2 
X V A P P = X V A P / F L O A T ( N N )  
DO 76 J = l v N N  
D P V A P = 0 . 2 6 3 E - l l * ( X M U L 2 * + 0 . 2 5 ) * ( ( W / A 2 ) * ~ 1 . 7 5 ) * X V A P P /  
( D E N V (  J )  *D2**1 .25)  
P V A P ( J + l ) = P V A P ( J ) - D P V A P  
XHUVZ=XMUV( I TTV) 
DENV(J+l)=RHO(lrTV.PVAP(J+l)) 
76 C O N T I N U E  
P T 3 = P V A P ( N N + l I  
D E N V 3 = D E N V ( N N + l )  
P V A P 3 = P T 3 - (  .5*W**2./(DENV3*A2**2.*144.*4.16€+08) I 
PLO=PTO-(.5*W**2./~RtiOLl*Al**2~*l44.*4.I~E+O8~~ 
DELP=PT3-PTO 
I F ( D E L P )  91,92992 
91 W R I T E   ( 6 ~ 3 2 6 ) N f l . D E L P  
GO TO 99 
92 C O N T I N U E  
I F  f I I I - l ) 7 9 r R O v R O  
0 1 9 2 0  
0 1 9 3 0  
0 1940 




0 2 0 1 0  
0 2 0 3 0  
0 2  100 
0 2 1 1 0  
0 2 1 2 0  
0 2 1 3 0  
0 2 1 4 0  
0 2 1 5 0  
0 2 1 7 0  
0 2 1 8 0  
0 2  190 
02200 
0 2 2 1 0  
0 2 2 2 0  
0 2 2 3 0  
0 2 2 4 0  
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79 WRITE  (6.99131  PVAP3.f lENV3 
WRITE (6 .99141  P T 3 r P T O  
WRITE ( 6 ~ 9 9 1 5 )  DELPrTV 
8 0  CONT I N l l E  
C RADIATOR  WEIGHT  READ FROM C I I R V E .  
20  CALL  DCDTS (A10.X10.YlOrZ10rDELPqWTRADTrTVqMlOqNlOqFN) 
W T R A D = W T R A D T / F L O A T ( N L O n P l  
I F ( I I I - l ) R l . R Z r R Z  
8 1  W R I T E ( 6 r 9 9 1 6 l W T R A D v W T R A D T  
W R I T E ( 6 r 9 9 1 7 ) F N  
82 CONTINUE 
3 1 CONT INUE 
C WEIGHT OF VARIOUS CAP-PUMPER  ELEMENTS  COMPUTED HERE. 
C D I S T R I R U T I D N  CHANNELS ARE ASSUMED TO RE 1/2 INCH  DEEP 




A 1 0 = 3 . 1 4 1 7 ~ D l ~ D ~ * 2 / 4 .  




AZO= ( 3.14 17+DZOD**Z) /4. 
XSEC2=A20-A2 
WTPIPV=XSEC2*XVAP*DENM 
W T V A P = A Z * X V A P + ( D E N V 2 + D E N V 3 ) / 2 .  





W R I T E ( 6 r 3 0 0 ) N O  
W R I T E ( h r 3 0 2 1  
W R I T E ( b r 3 5 3 ) A N D T E  
WRITE(6 .304)  I 
WRlTE(6 r30hJNLOOP 
WRITE(6 .308 lOUE 
WRITE(6 .310)TK 
W R I T E ( 6 v 3 2 7 1  AHT 
W R I T E ( 6 r 3 1 2 ) A r D X F . R  
WRITE  (6.32RINUH.XL 
W R I T E ( 6 v 3 1 3 )   D l r X P I P L v X L I O  
WRITE(6 .325)   D2rXPIPV.XVAP 
WRITE(6 .314)  
WRITE (6.3501 FRLnSS 
W R I T E ~ ~ ~ ~ ~ ~ ) W I W ~ W ~ ~ ~ T L O . T L ~ ~ T V ~ T V ~ ~ P T ~ ~ T P T I ~ P V A P ~ ~ P T ~  
W R I T E ( 6 r 3 1 8 l R H O O r R H O L l r D E N V 3 r W T M  
WRITE(6.320)WTLvWTPUMP 
W R I T E ( 6 q 3 2 2 ) W T P I P L . U T L I O r W T P I P V r W T V A P  
W R I T E ( 6 ~ 3 2 4 1 T U R E W T . W T R A D r W T C l T L  
99 CDNT INUE 
GO T O  999 
3 0 0  FORMAT ( lH1. / /2OX,28HCAPILLARY PUMPER - PROGRAM 1 7 
O O h A O  
0 0 6 9 0  
00700 
0 0 7 1 0  
0 0 7 2 0  
0 0 7 3 0  
0 0 7 4 0  
0 0 7 5 0  
0 0 7 6 0  
00770 
0 0 7 8 0  
00790 
O O R O O  
0 0 8 1  0 
0 1  1 4 0  
0 1 1 5 0  
01 I 6 0  
0 1 1 8 0  
01190 
0 1 2 0 0  
0 1 2 1 0  
0 1 2 2 0  
0 1 2 3 0  
0 1 2 4 0  
0 1 2 5 0  
0 1 2 6 0  
0 1 2 7 0  
0 1 2 8 0  
0 1 2 9 0  
0 1 3 0 0  
0 1 3 1 0  
0 1 3 2 0  
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9914 F O R M A T  ( 1 W  v 7 H   P T 3 =   ~ F 1 3 . 5 r R H   P T O =   ~ F 1 3 . 5 )  
9 9 1 5  F f l R M A T  ( 1 H  . 7 H   D E L P =   ~ F 1 3 . 5 r R H   T V =  r F 1 3 - 5 )  
9916 F D R M A T  ( 1 1 1  . 7 H W T R A 0 =   T F I ~ . ~ T P H W T R A D T =  r F 1 3 . 5 )  
9917 F O R M A T  ( 1 H  .7H F N =   . F 1 3 . 5 )  
9 9 1 8  F O R M A T ( 1 H   , R F 1 0 . 3 )  
9919 F f l R M A T  ( I H  - 7 H  CAP: . F 1 3 . 5 r R H X M Q M I - S =  r F 1 3 . 5 )  
9 9 2 0  F O R M A T  llH , 7 H X F R l C =   T F I ~ . ~ T R H   P R I S E =   ~ F 1 3 . 5 )  
E N D  
I F O R   F I C , F R l C  
F l l N C T I O N  F R I C ( A . D X F . T I T T V . D T ~ C I P E R I N I ) M , I )  
C T H I S   F U N C T l f l N   C f l M P U T E S   P R E S S l l R E   L O S S   O F   L I Q U I O   F L O W I N G  I N  C A P - P U M P E R  
C ( P S I )  W H E R F   A = T n T A L   H E A T   T R A N S F E R   A R E A  ( S O  F T )  
c n X F = G A P   W I D T H   ( F T )  
r, T I = T F M P E R A T I J R E     C O N D E N S R   W A L L   ( D E G F )  
c T V - T F M P E R A T I I R F   A T   S C R E E N S   ( D E G - F )  
c D T S C = T E M P   D l F F   R E T W E E N   S C R E E N S   A N D  L I Q  I N  ( D E G - F )  
c P F R = F R A C T I O N   O F   T O T A L   H E A T   T R A N S F E RA R E A   C O V E D  
C R Y   S C R E E N S  
c N l l M = N I I M R E R   O F   C E L L S  
C I = T Y P F   F L I I I P   ( I = N A T Z = K ~ = C E )  
E A =  ( A * P F R )   / F L f l A T   ( N l J M )  
X L = S O R T ( E A ) / 7 .  
T A V C , =   ( T  I + T V )  / 2 .  
V I S = X M ( I I .  ( I . T A V C . )  
X K = 5 K F  ( I ,  TAVC,)  
H = H V X (  I . T V )  
D - R H D L  ( I v T A V G )  
C T W f l   L A Y E R   S C R E E N   T H I C K N E S S  I S  4 M I L S  
D P = ( 2 . 0 2 F - O R 1  t V I S = X K = ( T I - T V ) t X L = = 2 /  
X ( D e ( D X F - 0 . O 0 0 3 3 3 1 = ~ 3 . ~ D X F ~ H )  
C. 1.05 I S  A F A C T D R   T O   A C C f l l l N T   F O R   L O S S E S  I N  T H E   D I S T R I B I J T I O N   M A N I F O L D  
F R  I C =  ( D P * 1 . 0 5 )  /144. 
R E   T l l R N  
END 
I F O R   R H D , R H n  
F I I N C T l f l N   R H O (   1 . X T . X P )  
C. T H I S   F I J N C T I n N   C C I M P I J T E S   D E N S I T Y  R A S E D  O N  € 0  OF S T A T E  
C L R / C I J   F T   W H F R F  ( I )  1 5  Y A = l   r K = 2 v C E = 3   X T = D E G  F T  
C X P = L R / S O - I N  
D I M E N S I O N  R ( 3 )  , R ( 3 )  
P = X P * 1 4 4 .  
T = X T t 4 6 0 .  
T K = T / l . R  


















R ( 1 ) = 1 5 4 5 . / 2 2 . 9 9 1  
R ( 2 ) = 1 5 4 5 . / 3 9 . €  
R(3 )=1545 . /132 .91  
A A = B ( I ) * R ( I ) * T  
BR=R ( I )  +T 
RETURN 
END 
RHO=2.*(-P) /(-RB-SQ~T(RB**~.-~O*AA*(-P) I 
1 FOR RHOVVRHOV 
FONCT ION RHOV ( I . T )  
C THIS  FUNCTION  FINDS  VALIIES F O R  DENSITY OF SAT VAPOR 
C LR/CU  FT WHERE I ( N A = I ,  K = 2 v   C E = 3 ) 1  T=DEG F 
IF ( I .EO.1 )  GO TO 10 
I F (  I.EQ.2) GCI TO 2 0  
IF(l.EB.3) GO TO 3 0  
W R I T E  ( 6 . 9 9 0 1 )  
9901 FORMAT(1H ' I  EXCEEDS PROGRAM L I M I T  ' !  
10 I F ( T - 8 4 0 . )  4 0 ~ 5 0 ~ 5 0  
4 0  W R I T E  ( 6 , 9 9 0 2 )  T 
S T O P  
9 9 0 2  FORMAT ( 1 H   - 2 8 H  T I S  BEYOND C I J R V E  L I M I T S   T =   r F  1 3 . 4 )  
S T O P  
50  I F ( T - 1 3 0 0 . )   5 5 9 5 5 ~ 6 0  
5 5  S L = A L O G ~ 4 . E - 0 5 / 2 . h E - O 3 ~ / A ~ ~ O G ~ R 4 0 . / 1 3 0 0 . )  
C=ALOG(2.h€-03)-SLaALOG(1300.) 
R H f l V = ( T * * S L ) * E X P ( C )  
RETURN 
60   IF (T -2120 . )   65 .65 .40  
6 5  S L = A L O G ~ 2 . 6 E - 0 3 / . 1 0 ) / A L O G ~ 1 3 0 0 ~ / 2 1 2 0 . )  
C = A L O G (  . l o )  - S L * A L O G (  2120.)  
RHOV=(T* *SL) *EXP(C)  
RETURN 
2 0   I F ( T - 8 4 0 . )   1 7 0 ~ 7 0  
7 0   I F ( T - 1 0 5 0 . 1   7 5 v 7 5 r R O  
75  SL=ALOG(5.4E-04/4.€-03)   /ALOG(R40. /1050.)  
C=ALOG(4.€-03)  -SL*ALOG(  1050.) 
RHOV=(T* *SL) *EXP(C)  
RETURN 
8 0  I F ( T - 1 5 5 0 . )  8 5 ~ 8 5 ~ 9 0  
85  SL=ALOG(4oE-03/6.6E-02)   /ALOG(  lO50. /1550.  1 
C = A L O G ~ 6 . 6 E - 0 2 ) - S L * A L O G O  
RHOV=(T**SL)*EXP(C) 
RETURN 
90 IF (T -2240 .1   95995 .40  
9 5  S L = A L O G ~ 6 . 6 E - O 2 / . 4 1 ) / A L O G ~ 1 5 5 0 ~ / 2 2 4 0 ~ )  
C=ALOG(  -41)  -SL*ALOG(  2240.) 
RHOV=(T**SL)*EXP(C) 
RETURN 
30 IF (T -500 . )  4 0 v 1 0 0 v 1 0 0  
0 4 4 5 0  
0 4 4 6 0  
0 4 4 7 0  
0 4 4 R 0  
0 4 4 9 0  
0 4 5 0 0  
0 4 5 1 0  
0 4 5 2 0  
0 4 5 3 0  
037r0 







0 7 R 7 0  
0 3 8 5 0  
0 3 9 0 0  
0 3 9 1 0  
03921, 
0 ? 9 3 0  
03C140 
0 3 9 5 0  
0 3 9 7 0  
0 3 9 8 0  
0 3 9 9 0  
0 4 0 0 0  
0 4 0 1 0  
0 4 0 2 0  
0 4 0 3 0  
0 4 0 4 0  
0 4 0 5 0  
0 4 0 6 0  
0 4 0 7 0  
04080 
0 4 0 9 0  
0 4  100 
0 4 1  10 
0 4 1 2 0  
0 4 1   3 0  
0 4   1 4 0  
0 4 1 5 0  
0 4  1 hO 
0 4 1  70 








I FOR RHOL,RHnL 
FUNCT I O N  RHOL ( I r X T )  
C T H I S  F t J N C T I n N  C O M P I J T E S  DENSITY OF S A T U R A T E D  L I O U I D  (LB/C(I-FT) 
C WHERE I ( N A  = 1,  K = 2 1  C E  = 317 X T  = DEG F 
T = (XT-32.)/1.A 
I F  (1.E0.1) Gn T O  10 
I F  II.EO.2) GO T O  2 0  
I F  ( 1 . ~ 0 . 3 )  Gn Tn 30 
W R I T E  (6 .9901)  
9901 FORMAT I1H   . l hH  I E X C E E D S  L I M I T  1 
S T O P  
10 RHOL = I .20h+.01017+SQRTI2300.-T)+l.lE-O4*(23OO.-T)) 
X*62.43 
RETURN 
2 0  RHOL = (.702+.01125*SQRT(19OO.-T~+7.6OlE-05*~1900.-T 
X )  ) 362.43 
RETURN 
30 RHnL = ( .434+.02495*(  1770.-T)  **.5+2.083€-04*( 1770.-T 
X )  1 *62.43 
RETURN 
END 
I FOR P V v P V  
FUNCTION P V ( I * X T )  
C THIS FUNCTION COMPUTES V A P O R  PRESSURE OF S A T  L I Q  ( P S I )  
C WHERE I ( N A  = I r  K = 2, C E  = 3 ) .  X T  = DEG F 
D l M E N S I n N  A ( 3 )  r B I 3 )  r C ( 3 )  
A (  1 )  = 3.84235 
A ( 2 )  = 2.5324 
A ( 3 )  = 3.36292 











































R ( 2 )  = 4068.9 
C ( 1 )  = 0.20171 
8 ( 3 1  = 3617.76 
C ( 2 )  = 0,4665 
C ( 3 )  = 0.16005 
T = ( ( X T - 3 2 . ) / 1 . 8 ) + 2 7 3 .  
P V  = ( 1 0 . * % ( A ( I ) - I 8 ( I ) / T I + C ( I ) + A L O G 1 O ( T 1 ) ) ) * 1 4 . 7  
RETURN 
END 
I FOR HVXt HVX 
FUNCTION HVX ( I v X T )  
C THIS  FUNCTION COMPUTES THE HEAT OF VAPORIZATION  IBTIJ/LR) 
C WHERE I (NA = l r  K = 2 9  CE = 3 )  r X T  = DEG F 
D I M E N S I O N  A ( 3 )  r R ( 3 )  v C ( 3 )  
All) = 1157.65 
A ( 2 )  = 560.27 
A ( 3 )  = 147.12 
B (  1 )  =2573.  
6 ( 2 ) = 2 1 7 3 .  
C (  1 )  = 0.3647 
C ( 2 )  = 0.3558 
C13) = 0.3547 
T = ( ( X T - 3 2 . )   / l . R ) + 2 7 3 .  




I FOR HSATvHSAT 
FUNCTION HSAT ( I 9XT) 
C THIS  FUNCTION COMPUTES ENTHALPY OF SATURATED L I Q U I D   I B T U / L B )  
C WHERE I ( N A  = 1. K = 2 9  C E  = 3 )  I XT = OEG F 
T = (XT-32.) /1,8 
I F  (1-1) 1 0 . 1 0 ~ 2 0  
10 HSAT = (16.151+0,33994*T-.3R984E-04*T**2.+.14834E-07 
X*T**3.) * 1.79882 
RETURN 
20 I F  (1-2) 30.30940 
3 0  HSAT = 19 .57R+0 .19042*T- .16533E-04*T* *2 .+ .22490E-07*  
XT**3.)*  1.79R82 
RETURN 
40 I F  (1-31  50.50.60 
5 0  HSAT = ( 2 . 1 8 2 + . 0 6 8 4 1 * T - . 4 0 1 6 0 E - 0 4 * T * * 2 ~ + ~ 2 6 6 5 3 E - O 7 * T  
x**3 . I  * 1.79882 
RETURN 
99 FORMAT(1H ' I  EXCEEDS L I M I T  ' 1  
60 WRITE (6.99 1 
0 3 3 5 0  
0 3 3 6 0  
0 3 3 7 0  
0 3 3 8 0  
0 3 3 9 0  
0 3 4 0 0  
0 3 4 1 0  
0 3 4 2 0  
0 3 4 3 0  
0 3 4 4 0  
0 3 4 7 0  
0 3 4 8 0  
0 3 4 9 0  
0 3 5 0 0  
0 3 5 1 0  
0 3 5 2 0  
0 3 5 3 0  
0 3 5 4 0  
0 3 5 6 0  
0 3 5 7 0  
0 3 5 8 0  
0 3 5 9 0  
0 3 6 0 0  
03610 
0 3 0 5 0  
0 3 0 8 0  
03090 
0 3  100 
0 3 1 1 0  
0 3 1 2 0  
0 3 1 3 0  
0 3 1 4 0  
0 3 1 5 0  
0 3 1 6 0  
03 170 
0 3 1 8 0  
03 190 
0 3 2 0 0  
032 10 
0 3 2 3 0  
0 3 2 2 0  
155 
S T O P  
E N D  
0 3 2 4 0  
0 3 2 5 0  
I F O R   C P L v C P L  
F U N C T I O N  C P L  ( I . X T )  
C T H I S   F U N C T I O N  C O M P l J T E S  S P E C I F I C  H E A T  OF L I Q U I D  
C ( B T U / L R - D E G   F )   W H E R E   I ( N A  = l r  K = 2 9  CE = 3 )  
C X T  = DEC,. F 
D I M E N S I O N  A ( 3 )  v B ( 3 )  v C ( 3 )  
A ( 1 )  = 0.33994 
A ( 2 1  = 0.1904 
A ( 3 )  = 0.068412 
BI 1 )  = 7.79hRE-05 
B ( 2 )  = 3.3067E-05 
R ( 3 )  = R.032E-05 
C ( 1 )  = 4.4502E-OR 
C(2) = h..747E-O8 
C ( 3 )  = 7.9959E-OR 
T = I X T - 3 2 . ) / 1 . 8  
C P L  = A ( I ) - B ( I ) + T + C ( l ) a T * * Z  
R E T U R N  
E N D  
I F O R   S K F . S K F  
F U N C T I f l N   S K F ( I v T 1  
C T H I S  F U N C T I O N   C O M P U T E S   T H E   T H E R M A L   C O N D U C T I V T T Y  OF L I Q U I D  
C R T U - F T / H R - S O   F T - D E G  F 
C WHERE I ( N A = 1  rK=2rCE=31 r T=DEG F 
D I M E N S I O N  A ~ 3 ~ r 8 1 3 ~ r X 1 1 ~ 1 2 ~ r Y 1 1 ~ 1 2 ~ ~ A l l ~ 2 2 ~ 4 ~  
A (  1 )  =47.97 
6 ( 1 ) = - 0 . 0 1 0 3 5  
A ( Z ) = 2 9 . 1 5  
B (2) =-0.008 
I F  (1-2) 1 0 . 1 0 ~ 2 0  
10 S K F = A ( I I , + R ( I ) * T  
R E T U R N  
20 D A T A  ~ X 1 1 ~ J ~ r Y 1 1 ~ J ~ r J ~ 1 ~ 6 ~ / 2 O O o ~ l Z ~ l ~ 4 O O o ~ l 2 o O ~ 5 5 O o ~ l l ~ 7 ~ ~  
X 7 0 0 ~ r 1 1 ~ 4 ~ 1 1 5 0 o r 9 ~ 7 5 r 2 2 0 0 . r 5 ~ 5 /  
C A L L  CCOIS ( X l l r Y I , l r A l l r 6 r F N )  
C A L L   C D I S  ( A l l r X l l r Y l l r T r S K F r 6 1 F N )  
R E T U R N  
END 
I F O R   S I G r S I G  
F U N C T I O N  S I G (  I r X T l  
156 
0 2 3 3 0  
02  340 
0 2 3 5 0  
0 2 3 7 0  
0 2 3 8 0  
0 2 3 9 0  
0 2 4 0 0  
0 2 4 2 0  
0 2 4 3 0  
0 2 4 4 0  
0 2 4 5 0  
0 2 4 6 0  
0 2 4 7 0  
0 2 4 8 0  
0 2 4 9 0  
02500 
0 2 5 1 0  
03620 
C THIS  FUNCTION COMPUTES  SURFACE TENSION  LR/FT 
C WHERE I ( N A  = 1. K = 29 C E  = 3 )  t X T  = DEG F 
DIMENSION A ( 3 )  v B ( 3 )   t T ( 3 1  
A t 1 1  = 202.14 
A ( 2 )  = 121.31 
A ( 3 )  = 76.4 
B ( 1 )  = 0.0986 
B ( 2 )  = 0.0739 
B ( 3 )  = 0.030 
T ( 1 )  = (XT-32.) /1 .8 
T ( 2 ) = ( X T - 3 2 . ) / 1 . 8  
T 1 3 )  = XT-83. 
SIC = (A~I)-B(Il~T~1))~(2.248E-O6/.03281) 
RE TURN 
END 
I FOR XMUVt X M l l V  
FUNCTION X M l l V (  I r T )  
C T H I S  FlJNCTIDN COMPUTES V I S C n S I T Y  OF  VAPOR (LR/HR-FT)  
C WHERE I (NA = It K = 2. CE = 3 )  t T = D E G  F 
D I M E N S I O N  A ( 3 )  t R ( 3 )  
A ( 1 1  = 0.0275 
A ( 2 )  = 0.0262 
A ( 3 )  = 0.0337 
B ( 1 )  = .175E-04 
B ( 2 )  = .15E-04 
B ( 3 )  = .25E-04 
XMUV = A ( I ) + R ( I ) * T  
RETIIRN 
END 
I FOR XMULt XMUL 
FUNCTION XMUL ( 1 t X T  1 
C THIS  FUNCTION COMPUTES V ISCOSITY OF L I Q U I D   ( L R / H R - F T )  
C WHERE I ( N A  = 11 K = 2. C E  = 31 t XT = DEG F 
D I M E N S I O N   A ( 3 )  t B ( 3 ) r  C ( 3 )  
A ( 1 )  = 1.31558 
A ( 2 )  = 2.13880 
A ( 3 )  = 0.84005 
8 1 2 )  = 133.039 
C (  1) = 0.42966 
C(21 = 0.71317 
C(3) = 0.27958 
B ( 1 )  = 234. 
B ( 3 )  = 205.902 
T = ( ( X T - 3 2 . ) / 1 - 8 ) + 2 7 3 .  
X M U L = ( l O . * * ~ A ~ I ) + ( B ~ I ) / T ) - C ~ I ~ * A L O G l O ~ T ~ ~ ~ ~ ~ 2 4 2  
RETURN 
0 3 6 3 0  
0 3 6 4 0  
0 3 6 5 0  
0 3 6 6 0  
0 3 6 7 0  
03hr0 
0 3 6 9 0  
0 3 7 0 0  
0 3 7 1 0  
0 3 7 2 0  
0 3 7 3 0  
0 3 7 4 0  
0 3 7 5 0  
0 3 7 6 0  
0 3 7 7 0  
0 2 5 2 0  
0 2 5 5 0  
0 2 5 6 0  
0 2 5 7 0  
0 2 5 8 0  
0 2 5 9 0  
0 2 6 0 0  
0 2 6 1 0  
0 2 6 2 0  
0 2 6 3 0  
0 2 6 4 0  
0 Z h 5 0  
02h60 
0 2 6 9 0  
02700 
0 2 7 1 0  
0 2  7 2  0 
0 2 7 3 0  
0 2 7 4 0  
0 2 7 5 0  
0 2 7 6 0  
0 2 7 7 0  
02780 
0 2 7 9 0  
0 2 8 0 0  
0 2 8 1 0  
0 2 8 2 0  
15 7 
END 0 2 8 3 0  
I FOR TDSEOvTDSEQ 
SIJRROUTINE  TDSEQ ( A v N v F N )  
C TDSEQ 
C TOSEQ SOLVES A SYSTEM OF SIH1JLTANEOIJS  EQUATIONS 
C WHOSE COEFFICIENT  MATRIX I S  TRI-DIAGONAL 
D I M E N S I O N   A ( 2 2 - 4 )  
I F ( A ( 1 1 2 ) )   1 2 1 1 1 9 1 2  
11 FN-1.0 
1 2   A ( l * 3 ) = A ( l r 3 ) / A ( l r 2 )  
A ( l r l ) = A ( l r 4 ) / A ( l r 2 )  
GO T O  5 0  
N= N 
DO 10 I = 2 r N  
A l l r 2 ) = A ~ 1 1 2 ) - A ~ I r l ) + A ( I - l r 3 )  
I F ( A ( 1 . 2 ) )   1 3 . 1 1 1 1 3  
1 3  A ( I T ~ ) = A I I ~ ~ ) / A ( I . ~ )  
10 A ~ I ~ l ~ ~ ~ A ~ I ~ 4 ~ ~ A ~ I ~ l ~ ~ A ~ I ~ l ~ l ~ ~ / A ~ I ~ 2 ~  
2 0  
I = N  
I = 1-1 
I F  ( I )  4 0 ~ 4 0 ~ 3 0  
30 A ( l r l ) = A ( I r l ) - A ( I r 3 ) r A ( I + l r l )  
GO T O  2 0  
4 0  FN = 0.0 
5 0  RETlJRN 
END 
0 5 5 6 0  
0 5 5 3 0  
0 5 5 4 0  
0 5 5 5 0  
0 5 5 8 0  
0 5 5 9 0  
0 5 6 0 0  
0 5 6 1 0  
0 5 6 2 0  
0 5 6 3 0  
05  6 4 0  
0 5 6 5 0  
0 5 6 6 0  
0 5 6 7 0  
0 5 6 8 0  
0 5 6 9 0  
0 5 7 0 0  
0 5 7 1 0  
0 5 7 2 0  
0 5 7 3 0  
0 5  740 
0 5 7 5 0  
0 5 7 6 0  
0 5 1 5 0  
0 5 1 4 0  
0 5 1 6 0  
0 5   1 8 0  
0 5  190 
0 5 2 0 0  
0 5 2 1 0  
0 5 2 2 0  
0 5 2 3 0  
0 5 2 4 0  
0 5 2 5 0  
0 5 2 6 0  
0 5 2 7 0  
0 5 2 8 0  
0 5 2 9 0  
0 5 3 0 0  
0 5 3 1 0  
0 5 3 2 0  
158 
159 
0 4 8 2 0  




0 4 8 7 0  
0 4 8 8 0  
0 4 8 9 0  
0 4 9 0 0  
0 4 9 1 0  
04920 
0 4 9 3 0  
04940 
0 4 9 5 0  
0 4 9 6 0  
04970 
0 4 9 8 0  
0 4 9 9 0  
0 5 0 0 0  
05010 
05020 
0 5 0 3 0  
0 5 0 4 0  
05050 
0 5 0 6 0  
05070 
05080 
0 5 0 9 0  
05100 
0 5 1 1 0  
0 5 1 2 0  
0 5 1 3 0  
APPENDIX D 
PEKFORMAldCE COMPUTEK PROGKAM 
This Appendix presents  a d e s c r i p t i o n  of  the  performance  computer 
program.  Section 1 ,  Program Abst rac t ,   g ives  a b r i e f  summary o f  the  
program's purpose and application and  shows the  ca lcu la t ion  sequence .  
Sect ion 2 ,  Input Data Li s t ,  gives  a d e f i n i t i o n  of t he  symboi s bsed in 
the input   data   block and the   fo rma t   fo r   t he   da t a   ca rds .   Sec t ion  3,  l l u t p u t  
Data List ,  gives a s i m i l a r  d e f i n i t i o n  o f  the da ta  output  from the  
ca l cu la t ions .   Sec t ion  4 ,  Program L i s t ing ,   g ives  a l i s t i n g  of  the main 
computer  program. The complete  program must a l s o  be supported w i t h  
subrout ines   as   fo l lows:  RADP,  descr ibed   in  Appendix  F ,  f o r   c a l c u l a t i n g  
the  rad ia tor  per formance ,  FRIC , 1 i s t e d  i n  Appendix C y  t o  c a l c u l a t e  t h e  
l i q u i d  f r i c t i o n  i n  t he  wick  and t h e  f l u i d  p r o p e r t y  s u b r o u t i n e s  l i s t e d  
i n  Appendix C .  Sect ion 5 ,  An Example Case,   g ives   the  input   data  and 
o u t p u t  r e s u l t s  f o r  a sample  case. 
1. PERFORMANCE  PROGRAM  ABSTRACT 
The performance program was 'rrritten for the purpose o f  calculat ing 
the performance o f  a s e r i e s  combination o f  capi l la ry  pumped heat 
rejection ioops connected to the condenser tube of the secondary loop i n  
the ARCPS. The pumper loops  are  those  designed by the  design program. 
The prograr  calculates the steady state thermodynalni c and  hydrodynanli c 
balance  existir!g  in each heat rejection loop, using as boundary  conditions 
the s t a t e  o f  the condensing potassiun; o f  the power conversion on the h o t  
s i  de a n d  space temperature. 
s trean! as i t leaves 
rejection  loop,  the 
for- calculations t o  
The program ca  
di agram : 
The calculations begin with the state o f  the condensing potassium 
the  turboalternator.  A s  hea t   i s  retiloved by each heat 
potassi urn s t a t e  program calculates the change in the 
begin on  the following pumper loop. 
lculation sequence i s  shown i n  the f o  1 I owi ng bl  ock 
J I I I 
R a d i a t o r  i s  
Operable  cnergy  an 
Proo. Eq. 
C a l c u l a t e :  C a l c u l a t e :  
T1’   p1  F ind:  
Energy and- P O y  p3 “ W  
Moment urn Mornen turnE r a d  
E q .  
W r a d  
C a l c u l a t e :  P r i n t  F i n d :  
q r a d  Loop o u t p u t  
- Power - s t o p  
Condi ti ons 
FLOW DIAGRAM OF CAPILLARY PUMPER R A D I A T O R  PEXFORilAdCE PROGRAiil 
2 .  INPUT DATA LIST 
The f o l l o w i n g  t a b l e  summarizes the data  cards and d e f i n e s  the terms 
used i n  t h e  i n p u t  data  block. 
16 4 
LIST OF SYMBOLS USED I N  DATA  BLOCK 
SYMBOL DESCRIPTION UNITS LIMIT 
CARD 1 (12A6) 
ANOTE Any comment may be typed i n  Col . 1-72.  This comment 
wi 11 be p r i n t e d  on each run. 
CARD 2 (8E9.4) 
HC Condensat ion  coef f ic ient  Btu/hr- f t2-"F " 
DX Thickness o f  metal  between power conversion  loop and ft " 
capi 11 ary pump. 
(T, 
I-J 
cn X KS Thermal c o n d u c t i v i t y  o f  metal  between power convers ion  Btu/hr - f t - "F " 
loop and c a p i l l a r y  pump, 
TA Temperature o f   p o t a s s i  um i n  power convers ion   l oop   a t  O F  
s t a r t  of c a p i l l a r y  pump heat  re jec t ion  area .  
CARD 3 (E9.3,7F9.4) 
QTOT The i n i t i a l  guess o f   t o t a l   h e a t   t o be re jec ted   bythe  
capi   11  ary pumped r a d i   a t o r s  .
- A  
TV 
Area o f  c a p i l l a r y  pump l i q u i d  t o  vapor  in ter face 
(screens') p l  us a r e a  o f  d i s t r i b u t i o n  m a n i f o l d s  ( a r e a  
i s  normal t o  hea t  f l ow) .  
I n i t i a l  guess o f  c a p i l l a r y  pump temperature a t  l i q u i d  
t o  vapor  in te r face .  
Btu/hr  " 
f t2 
"F 
LIST OF SYMBOLS USED IN DATA BLOCK (Con t ' d )  
SYMBOL DESCRIPTION  UNITS  LIMIT 
DXF Thickness  of l iquid metal i n  capil lary pump measured f t  " 
from metal t o  l iquid vapor interface.  
CARD 4 (E9.4,19,6E9.4) 
W Capillary pumper flow ra te  1 b/hr  
I Trigger t o  signal  choice of capi 1 lary pump working " 
fluid (l=Na, 2 = k ,  3=Ce). 
Dl Capil lary pump vapor tube ID f t  
D2 Capillary pump liquid  tube ID f t  
CARD 5 (E9.3,7F9.4) 
R Capi 11 ary  screen effe ti ve radi us. f t  
GEE Acceqerati on due t o  gravity  f  t/sec 2 
CARD 6 .(8E9.41 
XLIQ Thickness  of  capi 
wall 
1  lary pump t o  radiator 1 iquid  tube f t  
XVAP Thickness  of  capi 
wall 








LIST OF SYMBOLS USED IN DATA BLOCK (Cont’d) 
SYMBOL DESCRIPTION UNITS L I M I T  
~~ 
XPIPL Length of capi 1 l a ry  pump t o   r a d i a t o r  1 iqui d tube ft ” 
XPIPV Length of capi 1 l a ry  pump to   r ad ia to r  vapor tube f t .  “ 
DENM Density of s t a i n l e s s   s t e e l  1 b / f  t3 
CARD 7 (8E9.4) 
QUAL Quality  of  potassi um i n  power conversion  loop a t   s t a r t  
of capi 1 lary pump heat   re ject ion  area.  
P 
4 
m XLD Length of the 1 ong s ide  o f  the rectangular power 
conversion  1 oop condenser channel . 
WK Potassium  flow r a t e  i n  power conversion  lo p. 
CARD 8 (E9.4,79,6E9.4) 
PER Percentage o f  screened area to  total  area i n  capi 1 lary 
Pump 
I U M  Jumber o f  elements i n  capi 1 l a ry  pumper 
AD Kadi ator  area  convergence  cri   te a 
CARD 9 (8E9.4) 
CLENG Length of   radiator   tube  to condense a1 1 o f  the vapor. 
f t  
1 b/hr 
f t  




” TLTH Radiator  tube length 
LIST OF SYMBOLS USED IN DATA BLOCK ( C o n t ' d )  
SYMBOL DESCRIPTION UNITS LIMlT 
CARD 10 (3E9.4,415) 
TD Convergence c r i t e r i a  for i terations on temperature. " F  " 
WD Convergence c r i t e r i a  for i terat i  ons on flow rate.  1 b/hr " 
QD Convergence c r i t e r i a  for i terations on heat  fl w. Btu/hr " 





Program control trigger. I f  (111 I u), program wi 11 
print  o u t  intermediate  values o f  selective  variables.  If 
( I 1 1  2 1 ) ,  program will n o t  print these variables. 
NLOOP Number  of capillary pump radiator  lo ps. 
CARD 11 (5011) 
I RADOP Program control  trigger. I f  IRADOP = 0 ,  the  radiator  is
inoperative.  If IRADOP - 1 ,  the  radiator i s  functioning. 
CARD 1 2  (8E9.4) The  number  of cards depends upon NLOOP. The  number will 
equal the f i rs t  integer  >( NLOOP/8) . 
DPOT Length o f  the  short  side of the  rectangular power 
conversion condenser channel. 
" 
f t  
50 
" 
3.  OUTPUT DATA LIST 
The principal output data i s  self-explani tory since the names o f  a1 1 
parameters  are  printed  out i n  f u l l .  This print-out i s  divided into three 
general  groups; the system geometrical parameters, the matched pump loop, 
thermodynamic and hydrodynamic parameters, and the s ta te  condi t ions  w i t h i n  
the power conversion  loop. This output i s  given f o r  each  heat  rejection 
loop.  Table 1 shows the format  for this  o u t p u t .  
Table 1 
Capi 1 la ry  Pump - Program 2 
Configuration 
F1 u i  d 
Temperature a t  Heat Source = "F Heat Transfer Area - FT 
Gap Width = FT Capi 1 lary  Eff. Radius = FT 
Tubing ( L i q )  T u b i n g  (Vapor) 
ID = FT ID - FT 
Thickness = FT Thickness - FT 
L e n g t h  = FT Length - FT 




Matched System Parameters 
N Flow Rate Q Station Temp. Press.  Density 




Cosi ne Theta = 
Radiator - Condensing Tube Length = f t .  Total Length = f t .  
Power Conversion Loop 




- - FT 
= LB/HR 
Condenser (Cap-P Loop I n l e t )  Condenser (Cap-P Loop E x i t )  
Temperature - "F Tempe r a t  u re - " F  
Pressure = PSI Pressure = PSI 
Velocity = FT/HR Velocity = FT/HR 




The program a l s o  prints out,  automatically,  the i n p u t  data block. 
The numerical values a r e  printed ou t  i n  the same order as they appear on 
the i n p u t  cards, without iden t i fy ing  symbols.  Table 2 shows the format 
f o r  this output. 
Table 2 
HC DXS X KS 
QTOT A TU 
W I Dl 
R GEE XMTOT 
XLIQ XVAP XPIPL 
QUAL X L D  WK 
P E R  N U M  AD 
CLENG TLTH 
TD WD QD 
IRADOP( 11)  ,II=1 ,NLOOP 
DPOT( I )   , I = l  ,NLOOP 
RHOL CONL CONH 
R GAMMA V I SV 
RHFO CONFO THKR 





NCC I11 NLOOP 
RHF RHT CONF SUFT ACONE 
HFG CL EMM TS VISL 
DCONE CODF 
TLTH ANGLE 
The program may a lso  be requested, by sett ing I11 = 0 ,  t o  pr in t  o u t  
intermediate values of system parameters and f lu id  proper t ies  for  d iagnos t ic  
purposes. 
The  main program has a number o f  error statements which are  pr inted 
out when the program has trouble  completing i t s  mission. These statements 
are  as  follows: * 
1. Program l i m i t  (JC o r  IC)  has been exceeded. 
2 .  Radiator - blow thru of  vapor a t  match PT. 
3. In le t   ve loc i ty  GT Mach 1 a t  match PT. 
4.  Selected  range o f  W i n su f f i c i en t  t o  ob ta in  Match Point. 
170 
5.  I n i t i a l  guess of  W is  too h i g h  to   ob ta in  Match Point. 
6 .  Program w i  11  not converge d u r i n g  t he  i t e r a t ion  of 1 oop 
7. Program will  not  converge on TV. 
8. Program will  not  converge on TB. 
9. Pumper will  not pump. COSINE Theta = 
10. All the vapor  has been condensed. 
11. Program will  not  converge. 
171 
I F O R   M A I N r M A I N  
c 
C C A P I L L A R Y   P l J M P   R f l G R A M   N t J M R E R  2 
C T H I S   T E A D Y   S T A T E   P R O G R A M   C O M P l l T E S   T H E   P E R F O R M A N C E  
C O F  N C A P I L L A R Y   P U M P E D   L O O P S  
C 
D I M E N S I O N  X l O ( 2 4 )  r Y l O ( 2 4 )  r A l O ( 4 6 t 4 )  
D I M E N S I l 3 N  X 1 3 ( 2 4 l  r Y 1 3 ( 2 4 )  r A 1 3 ( 4 6 r 4 1  
D I M E N S I n N  A l l ( 4 6 . 4 )  r W S Y S ( 3 4 )  r D L E N G ( 3 4 )  
D I M E N S I f l N   P V A P ( 3 0 ) , D E N V ( 3 0 )  
D I M E N S I n N   A N O T E ( 1 2 )  
D I M E N S I O N   D P f l T ( I 5 O )  
D I M E N S I O N   T G I J E S S ( l 5 1 )  
R E A L   E N G T H  
D I M E N S I O N  Q ( 1 5 0 )  r l R A D O P ( 1 5 0 )  
C 
C C U R V E  1 3  I S  S A T I J R A T E D   T E M P   O F  K A S  A F U N C T I O N  OF P R E S S U R E  
C 
c R A N G E  n F  C U R V E  IS  T = ~ O O O  F T O  1360 F 
N 1 3 = 1 2  
Y 1 3 ( K ) = F L f l A T ( K ) * 3 0 ~ + 1 0 0 0 0  
Dn 6 K Z l r N 1 3  
6 X 1 3 ( K ) = P V ( 2 r Y 1 3 ( K ) )  
CA1.L C C D I S  ( X 1 3 r Y 1 3 r A 1 3 * N 1 3 r F N )  
I F ( I I I - l ) 7 r R t 8  
7 W R J T F ( h r 3 h l )   ( X ~ ~ ( K ) ~ Y L ~ ( K ) T K = ~ T ~ ~ )  
W R I T E ( 6 r 2 0 1 )   ( A 1 3 ( K r l )   r K = l r 4 6 )  
R C O N T  I N I J E  
N 1 0 = 1 0  
C 
C A T A  ~ X ~ ~ ~ I I ~ ~ Y ~ O ~ I I ~ T I I ~ ~ ~ I O ~ / ~ O ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ O ~ ~ ~ ~ ~ ~  
X O o O S ~ l ~ 7 7 r o 1 0 r 1 ~ ~ 5 r o 2 ~ ~ 2 o 2 ~ o 4 ~ 2 o R ~ o 6 O ~ 3 o 3 ~ o ~ O ~ 3 ~ 7 ~ l ~ O O ~ ~ ~ ~ /  
C A L L  C C O I S  ( X I O r Y I O ~ A I O ~ N I O ~ F N )  
c 
c NUMBER n F  C A P - P I I M P E R  L O O P S  LIMITED T O  1 5 0  
r 
L 
14 R F A D ( 5 7 2 0 0 )  A N O T E  
W R i T E ( 6 7 7 0 6 )  
R E A D ( S r 2 0 1 ) H C r D X S r X K S I T A  
R F A D ( 5 * 2 0 2 ) Q T O T 1 A 9 T V r D X F  
R E A D ( 5 r 2 0 3 ) W r I ~ D l r D 2  
R E A D ( ~ ~ ~ ~ ~ ) R ~ G E E T X M T O T  
R E A D ( 5 ~ 2 0 1 ) X L I ~ ~ X V A P r X P I P l ~ r X P I P V ~ D E N M  
R E A D ( 5 r 2 0 1 ) 0 1 1 A L r X L D r W K  
R E A D  ( 5  9 2 0 3 )  P E R  T N U M  ,AD 
R E A D ( S r 2 0 1 ) C L E N G r T L T H  
R E A D ( ~ ~ ~ O ~ ) T D ~ W D ~ Q D T N C C I I ~ T I I I ~ N L O O P  
R E A D ( ~ ~ ~ ~ ~ ) ( I R A O O P ( I I ) T I I = ~ ~ N L O O P )  
R E A D ( 5 p 2 0 1 )   ( D P O T ( N )   , N = l + N L O O P )  
W R I T E  (6 ,206)  A N O T E  
W R I T E ( ~ ~ ~ O ~ ) H C T D X S ~ X K S ~ T A  
W R I T E ( ~ , ~ O R ) B T O T I A * T V ~ D X F  
W R I T E ( 6 , 2 0 9 ) W r I ~ D l r 0 2  
W R I T E ( ~ . ~ O ~ ) R T G E E * X H T O T  
1 7 2  
W R I T E ( 6 r 2 0 8 ) X L I O r X V A P r X P I P L r X P I P V v D E N M  
W R I T E ( 6 r 2 0 8 ) 0 1 J A L v X L D v W K  
W R I T E ( 6 r 2 0 9 ) P E R r N U M v A D  
W R I T E ( 6 r 2 0 8 ) C L E N G v T L T H  
WRITE(6r21O)TDrWDrBD~NCCrIIIvNLOOP 
W R I T E ( 6 r 2 1 1 ~ ~ I R A D O P ( I I ) r I I = l r N L Q O P )  
W R I T E ( 6 r 2 1 2 )   ( D P O T ( N ) r N = l r N L O O P )  
C 
C R A D I A T O R   D A T A  IS R E A D  I N  H E R E -  
C 
C A L L  R A D P ( O . r O . r O - . O . r 2 . r O . r O . r O . t O l O . )  
7 1  A l = 0 . 7 8 5 4 * D 1 * * 2 .  
A 2 = 0 . 7 8 5 4 * D 2 * * 2 ,  
S P R A = 5  -44  
A H T = A  
K C = O  
A R E A = X L D * D P O T ( N )  
W P = Z . * ( X L D + D P O T ( N ) )  
DA=4   .+AREA/WP 
I F ( I R A D O P ( N I . G T . 0 )  GO TO 4 
QUE-0.  
Q ( N )  = o -  
GO T f l  8 0  
4 C O N T  I N U E  
I F ( K C . G T  -0) GO TO 83 
M M = O  
TSUR=€OO,  
Q U E = Q T O T / F L O A T ( N L O O P )  
0 1 =QUE 
DO 90 N = l r N L O O P  
F A C l = O - R O S  
83 C O N T I N U E  
DO 2 0  J J = l r N C C  
I F ( K C . G T  -0) GO T O  34 
T K z T A - Q I J E  / ( H C * A * P E R )  
T I = T K - ( Q U E * D X S )   / ( X K S * A * P E R )  
DO 73 J = l r N C C  
U F = S K F   ( I v ( ( T I + T V ) / 2 . ) ) / D X F  
T V l = T t - O I J E / ( A * P E R * + I J F )  
T V D = ( T V l - T V )  
I F  ( A B S   ( T V l - T V ) , L T , T D )  GO T O  5 
T V = T V 1  
I F  ( I I I - l ) 7 2 r 7 3 r 7 3  
7 2  W R I T E ( 6 v 2 5 0 )  J v U F v T V l t T V D r T V  
73 C O N T I N U E  
GO T O  14 
3 4  C O N T I N U E  
33 L = L + 1  
W R I T E  (6,382) 
5 T V = T V l  
I F ( K C . E Q . 0 )  GO T O  10 
I F ( L . L T . N C C )  GO TO 3 5  
WRITE(6r384)LvTVvTGUESS(L)rQUEvQRAD,W 
W R I T E  (6 .385)  
173 
3 5  
49 
63 
6 4  
17 
1 8  
108 
GO T U  14 
T V = T V - X I N C R  
T G U E S S  ( 1 . 1  = T V  
I F ( K C . E B . 2 )  GO TO 108 
C O N T I N U E  
UF=HC+XKS*XKF/ (DXF*HC*XKS+XKF*XKS+DXS*XKF*HC)  
A = O U E / ( ~ J F r ( T A - T V ) ~ ~ P E R )  
A S I J B K = A H T - A  
X K k S K F  ( I * T V )  
DO 17 J = l r N C C  
U = S K F ( I I ( ( T I + T V ) / Z . ) ) / D X F  
T I  l =TV+OCJE/   (A*PER* tJ )  
I F (  I 11-1 163 164 164 
W R I T E ( 6 r 3 9 3 )   J y T I l r T I * l J r T V  
C O N T   I N l J E  
T I = T I l  
C O N T   I N I J E  
GO T O  14 
C O N T   I N I J E  
T I = T I l  
C O N T   I N I J E  
I F ( K C . E Q . 2 )   A S U B K = A H T  
I F ( A R S ( T I l - T I ) - L T , T D )  GO T O   1 R  
W R I T E ( h r 3 9 0 )  
00 19 J = l r N C C  
C P = C P L ( 2 r   ( ( T A + T R )  / 2 - )  1 
X K L M = S K F ( 2 , (   ( T A + T R ) / 2 - )  1 
H C O N V = X K L M * 7 , 2 0 / D A  
U = l . / ( ( l . / H C O N V ) + ( D X S / X Y S ) + ( D X F / X X K ) )  
T R 1 = ( 2 . * W K + C P ~ T A + 2 . ~ 1 l ~ A S I J R K ~ P E R ~ T V - ~ J * A S U B K + P E R ~ T A ) /  
X X K = S K F  ( I ,  ( ( T A + T R + Z . x ’ T V )  / 4 e )  1 
X ( I I=ASIJRK*PER+2.+W#-: :CP) 
I F ( A R S ( T R 1 - T R )   . L T . T D )  GO TO 9 
T R = T B l  
19 C O N T I N U E  
GO T O  14 
9 C O N T  I N I J E  
T B = T B l  
T I S C = ( Q S E N J : D X F / ( X X K + A S U R K )  ) + T V  
W R I T E ( 6 r 3 9 1 )  
Q S E N = W K + C P L ( Z r ( ( l A + T R ) / Z - ) ) ~ ( T A - T R )  
I F ( I I I - l ) R 6 r 8 7 r 8 7  
8 6  W R I T E ( 6 r 3 8 9 ) T V r A r X K F r O I J E r T A  
W R I T E ( 6 r 4 0 2 ) Q S E N 1 T R * W K I A S U R K I l l r C P  
WR I T E  ( h , 4 0 3 )  XKCM  THCDlJV 
87 C O N T I N U E  
10 C O N T  I N l J E  
C 
C I T E R A T I O N  TO F I N D  W M A T C H  
C 
C P = C P L (  I r ( T V - ( T S I J B / 2 . )  1 )  
H H V X = H V X (   I v T V )  
P V A P Z = P V (  I r T V )  
H V A P ~ = H S A T ( I I T V ) + H V X ( I I T V )  
174 
H L ~ = H S A T ( I T T V )  
D E N V 2 = R H O V ( € . T V )  
S I G t = S I G (  I V T V )  
I F  (111 -1 )  74775975  
74 W R I T E ( ~ ~ ~ ~ ~ ) P V A P ~ I T V T H V A P ~ T H L ~ ~ D E N V ~ T S I G ~  
75 C O N T I N U E  
IC=O 
J C = O  
J C C = O  
M=O 
98 C O N T I N U E  
FAC=F  AC 1 
GO T O  5 2  
5 1  F A C = F A C + O O 0 0 5  
52 C O N T I N U E  
50  F A C = F A C - . 0 0 4 9 1 6 6 7  
I C = I C + l  
I F ( I C . G T . N C C ) G O  T O  91 
57 W = F A C * B I / ( H H V X + C P * T S U B )  
53 C O N T  I N U E  
I F  ( I  1 1 - 1 1  36737.37 
3 6  W R I T E ( 6 7 3 6 5 )   C P T W T F A C  
W R I T E ( 6 . 3 6 6 )   I C T M T J C  
3 7  C O N 1  I N l J E  
NN=10 
P V A P (  1) = P V A P 2  
D E N V  I 1  1 = D E N V Z  
X V A P P = X V A P / F L O A T   ( N N )  
D P V A P = 0 . 2 6 3 E - l l ~ ( X M U V 2 * ~ O o 2 5 ) ~ ~ ~ W / A 2 ' ) ~ * l . 7 5 ~ * X V A P P / ~ D E N V ~ J ~ ~ ~ 2  
XMUV2=XMlJV ( I r T V )  
D O  7 6  J = l r N N  
l * * l . 2 5 )  
P V A P ( J + ~ ) = P V A P ( J ) - D P V A P  
D E N V ( J + l ) = K H O   ( I * T V T P V A P ( J + l ) )  
76 C O N T I N U E  
P T 3 = P V A P ( N N + l )  
D E N V 3 = D E N V ( N N + l )  
T T N = T V + 4 6 0 .  
WRAD=W/60,  
C A L L  R A D P ( T I N r P T 3 ~ W 9 A D 9 1 . ~ l o ~ I I I ~ T ~ P T O U T ~ C O N D L ~ E R R ~  
T L l = T - 4 6 0 .  
I F  ( 1 1 1 - 1 )  38739739 
3 8  W R I T E f 6 . 3 6 7 )   T I P T O U T ~ P T ~ I E R R  
W R I T E ( ~ ~ ~ ~ ~ ) T V T C O N D L I C L E N G I T L T H I W R A D  
39 C O N T  I N l J E  
IF(T.LT,O,)  GO T O  5 1  
I F ( E R R - 1 . ) 5 4 ~ 5 5 * 5 5  
55  J C = J C + l  
I F ( J C . G T o 9 9 A N D . M . G T o l )  GO T O  9 2  
I F (  JC .LT .10 )   GO  TO 5 0  
I F ( J C C . E B o l O )  GO TO 92 
F A C l = F A C l - . l  
J C C = J C C + l  





7 8  C O N T I N U E  
T B = T B l  
2 6  C O N T I N U E  
GO T O  14 
27 C O N T I N U E  
T R = T B l  
Q ( N I  =OUE+OSEN 
V E L B V = l   . O * V E L R  
I F ( A B S ( T B 1 - T B )  .LT,TD) GO T O  2 7  
W R I T E ( 6 r 3 9 1 )  
Q S E N = W K ~ C P L ( 2 r ( ( T R + T R P R ) / 2 . ) ) 4 o B P R - T R )  
V E L R = ( W K / A R E A ) * ( ( ~ - - ~ J A L R ) / R H O L ( ~ ~ T R ) + O U A L B / R H O V ( ~ T T B ) )  
XXMII=XMIJL ( 2 7  ( ( T A + T R I  / Z - )  1 
R H O K = R H n L ( Z   r ( ( T A + T R ) / 2 . ) )  
L E N G T H = A C O N V /  ( 2. * X L D )  
O P K L I Q = 0 . 2 6 3 E - l l ~ ( X X M U * ~ ~ . 2 5 ) ~ ~ W K / A R E A ~ ~ * l . 7 5 ~ L E N ~ T H  
X / ( R H O K * D A * * 1 . 2 5 )  
T P R E S B = T P R E S R - D P K L I O  
S P R R = T P R E S R - ( ( W K / A R E A ) ~ = 2 ) ~ ( ( l - Q U A L R ) / R H ~ L ( 2 r T 6 ) + - l J A L ~ / R H ~ V ( 2 T T B ) )  
X / ( 4 . 1 R E 8 * 1 4 4 )  
IF(III-l)8Rr89r89 
88 W R I T E ( h , 3 9 0 ) Q S E N , W K , T A r Q U E , T R l , T ~ P ~  
89 C O N T I N U E  
QUE  =OUE+OSEN 
K C = 2  
L = l  
X I NCR=40.  
T G U E S S  ( 1 )  = T V  
GO T O  96 
101 C O N T I N U E  
QUALB=O. 
T B = T A - 2 0 .  
D O  102  J = l r N C C  
C P = C P L ( Z r l ( T 4 + T R ) / 2 . ) )  
X K L M = S K F ( 2 , (   ( T A + T B )  / 2 0 )  1 
H C O N V = X K L M * 7 , 2 0 / D A  
( J = l . / (  ( l . / H C O N V ) + ( O X S / X K S ) + ( D X F / X X K )  1 
TB1=(2.* :U*AHT*PER*TV+2.*WK 
X X K = S K F  ( I  ( ( T A + T B + 2 . * T V )  /40) 1 
1 * C P * T A - U * b H T + P E R * T A )  / 
2 (U*AHT*PER+Z.*WK*CP)  
I F (  111-11 103r1049104 
103 W R I T E ( 6 , 3 9 8 ) C P + X K L M r H C O N V . ( l r A r A H T  
W R I T E ( 6 q 4 0 5 ) T B l r T A r T V r W K  
104 C O N T I N U E  
I F ( A B S ( T B L - T R 1   , L T . T D )  GO TO 1 0 5  
T B = T B l  
102 C O N T I N U E  
GO T O  14 
105 C O N T I N U E  
T B = T B 1  
Q ( M )  =QUE 
U R I T E ( b r 3 9 1 )  
Q U E = W K * C P * ( T A - T B )  
179 
180 
W R I T E  ( 6 r 9 9 2 1 ) V E L V r V E L R V r O l J A L r Q I J A L B  
C 
C R E S E T   C O N D I T I O N S   A T   I N L E T   O   N E X T   C A P I L L A R Y   P U M P E D   L O O P  
C 
S P R A = S P R B  
CJUAL=BUALB 
C A L L  C D I S ( A ~ ~ ~ X ~ ~ ~ Y ~ ~ ~ S P R A T T A ~ N ~ ~ ~ F N )  
I F ( K C . L T . 2 )   G O   T O  90 
L = l  
X I N C R = 4 0 .  
T G U E S S  ( 1 )  = T V  
T A = T B  
V E   L = V E L  R 
V E L V = V E L R V  
90 C O N T I N U E  
C 
C E N D   P O W E R   C O N V E R S I O N   L O O P   C O M P l l T A T I O N S   H E R E  
C 
Q T O T  = 0. 
DO 8 1  N = l , N L O O P  
8 1  O T O T  = O T O T + Q ( N )  
W R I T E ( 6 r 3 5 6 ) B T O T  
GO T O  14 
GO T O  14 
93 W R I T E ( 6 r 3 7 1 )   T V r W  
9 4  W R I T E ( 6 9 3 7 2 )   T V r W  
G O  T O  14 
91  W R I T E ( h r 3 6 2 )   I C ~ F A C T W T T S U B T Q I J E T E R R  
W R I T E  (69364)  
GO T O  14 
G O   T O  14 
2 2  W R I T E ( 6 r 3 9 2 ) C O S T H  
9 2  W R I T E ( 6 9 3 6 3 )   J C 9 F A C v W v E R R r T V r P T 3  
WR I T E  ( 6  9364)  
GO T O  14 
C 
C 
200  F O R M A T  ( 1 2 A 6 )  
201 F O R M A T  ( 8 E 9 . 4 )  
2 0 2  F O R M A T   ( E 9 . 3 9 7 F 9 . 4 )  
203 F O R M A T   ( E 9 . 4 9 1 9 9 6 E 9 . 4 )  
204 F O R M A T ( 5 0 1 1 )  
206 F O R M A T ( l H l r l Z A 6 )  
207 F O R M A T   ( 3 E 9 . 4 9 4 1 5 )  
208  F O R M A T ( 1 H   r R E 1 1 - 4 )  
209 F O R M A T (  1 H  q E 1 1 . 4 9 1  11 r 2 E 1 1 . 4 )  
210 F O R H A T ( 1 H   r 3 E 1 1 - 4 9 3 1 1 1 )  
2 1 1  F O R M A T ( 1 H  9 5 0 1 1 )  
2 1 2  F O R M A T ( 1 H   r 8 E 1 1 - 4 9 / r ( l X * 8 E 1 1 - 4 ) )  
239 F O R M A T   ( 1 5 / ( 8 E 9 . 4 ) )  
240 F O R M A T  ( l H l r 3 9 X r 2 8 H C A P I L L A R Y  PIJMPER - PROGRAM 2 * / I  
241 F O R M A T  ( 1 H  9 6 X 9 1 4 H C O N F I G \ J R A T I O N  / ~ ~ X T ~ H F L U ~ ~ T ~ ~ X ~ ~ H = ~ ~ ~ X T I ~ ~  
1 7 X r 1 5 H N U H R E R   O F  L O O P S ~ ~ X ~ ~ H = ~ L ~ X T T ~ ~ / ~ O X ~  
2 3 0 H T E W P E R A T U R E  AT H E A T   S O U R C E  = ~ F 1 3 . 5 9 2 H  F ~ 5 x r  
181 
I .  
182 
183 
5. AN EXAMPLE  CASE 
The case used as an  example fo r  this program is a six loop heat 
rejection system  using  potassium  as the working . f l u i d .  The condensing 
potassium channel i s  20 x 2.5 in. rectangular cross section. 
The i n p u t  da ta  l i s t ing  i s  shown i n  the  following  Table. The 
corresponding computer o u t p u t  i s  given on the succeeding six pages. 
EXAFIPLE CASK lliPlIT 
184 




8 1 2 e B O O G O  SP F T  
a e00007  F T  
DENS 1 T Y  
L B I C U - F T  
.rt!jrtq+02 
. '15 '14+02 
9 7650-02 
e 7 S 5 6 - 0 2  
8 4 
8 6 










RADIATOR  OPTIMIZATION PROGRAM 
The r ad ia to r  op t imiza t ion  program i s  descr ibed i n  t h i s  appendix. 
S e c t i o n  1 ,  Program Abst rac t ,  gives a s ta tement  of  the program's purpose 
and the calculat ion  sequence.   Sect ion 2 ,  Input Data List, def ines  the 
i terns required i n  the i n p u t  data   block.   Sect ion 3 ,  O u t p u t  Data List, 
defines terms used i n  the output   data   block.   Sect ion 4 ,  Program L i s t i n g ,  
gives a p r in t -ou t  of the program  card  deck.  Section 5 ,  An Example Case, 
gives the i n p u t  and o u t p u t  d a t a  f o r  an  example case.  
191 
1. PROGRAM ABSTRACT 
The program designs a number of  radiators  for  a range of internal 
parameters i n p u t  by the user and does not internally optimize the rad ia tor  
we igh t .  Optimum rad ia tors  a re  then determined external  to  the program by 
the user. 
The program i s  integrated into the SINUA network analysis program, 
reference 10, u s i n g  the General option w i t h  a "Load and Go Subroutine. I' 
Input i s  through the SINDA Array Data block and five data cards are read 
by the subroutine u s i n g  standard FORTRAN Read Statements. 
19 2 
2. INPUT DATA LIST 
The f o l  lowing tab le  summarizes the data cards and defines the terms 
used i n  the i n p u t  data block. 
193 
Table  E-1.  LIST OF SYMBOLS USED IN LIATA BLOCK 
SYMBOL DESCRIPTION UNITS L I iY1 I T 





P I  
G 
tP T I  
RHF 
RHT 






L i   q u i  d densi t y  . 
L i   q u i  d thermal  conduct i  v i  t y  . 
Condens ing  hea t  t rans fe r  coe f f i c i en t  
T o t a l  s t a t i c  p r e s s u r e  d r o p  
I n l e t  p r e s s u r e  
I n l e t  t e m p e r a t u r e  
D e n s i t y  i n n e r  f i n  m a t e r i a l  
Dens i t y  tube  ma te r ia l  
Thermal conducti v i  ty i n n e r   f i n   m a t e r i  a1 
Working f l u i d  s u r f a c e  t e n s i o n  
Cone h a l f  a n g l e  
Out le t  tempera ture  
Flow r a t e  
1 b / f t 3  
B t u / h r - f t - " F  
B tu /h r - f t 2 - "F  
p s i  a 
p s i  a 
"R 
1 b / f t 3  
1 b / f t 3  
B t u / h r - f t - " F  
l b / f t  
rad ians 
"8 
1 b/mi  nute 
Table E-1 . LIST OF SYMBOLS USED I N  DATA  BLOCK (Cont I d )  
SYMBOLS DESCRIPTION UNITS LIMIT 
R 
GAMMA 















Gas constant  
S p e c i f i c  h e a t  r a t i o  
Vapor v i s c o s i t y  
Heat o f  v a p o r i z a t i o n  
L i q u i  d speci f i c heat  
Cone d i a m e t e r  a t  i n l e t  
Fin/ tube emit tance 
Equiva lent  s ink temperature (565) 
Maximum tube  leng th  (23.1 I ) 
F l u i d   t y p e  code:  1. = potassium, 2 
L i q u i d   v i   s c o s i  t y  
D e n s i t y  o f  o u t e r  f i n  m a t e r i a l  
Conduc t i v i t y  o f  o u t e r  f i n  m a t e r i a l  
Thickness r a t i o  = T o u t e r  t o t a l  
T i  nner 
= sodi urn, 3 = cesium 
f t / " F  
1 b / f t - s e c  





1 b / f t - s e c  
1 b / f t 3  
Btu/hr- f t -OF 
Table E - 1 .  LIST OF SYMBOLS USED IN DATA BLOCK (Cont'd) 
SYMBOL DESCRIPTION UNITS LIMIT 
CARL 5 (6E10.5) 
DI1 First tube  inside  d ameter 
DDIl Increment on inside diameter 
D N  Number  of tube  diam ter combinations 
TT1 F i r s t  number of  tubes 
DNT Increment on number of tubes 
TN Number o f  tube number combinations 
G rn 








Tsat V.S.  P for  potassium 
Tsat V.S. P for sodi um 
Tsat V.S .  P for cesium 
Fin effectiveness V.S.  Nc relation 
N, V.S. fin effectiveness relation 
inches 
inches 
O R ,  psia 
OK, psia 
O R ,  psia 
3, OUTPUT DATA LIST 
The following table defines terms used i n  the computer output. 
I t   a l s o  gives the meanings o f  error statements bu i  1 t into the program. 
Table E-2. O u t p u t  Data Definitions 
DI = Tube ID a t  in le t  to  rad ia tor  ( inches)  
DO = Tube ID a t  o u t l e t  o f  radiator (inches) 
NTUBES = Total number  of tubes 
TF IN = F i n  thickness  (inches) 
FEFF = F i n  effectiveness approximate 
QTOTL = Total  heat  rejection ( B t u / h r )  
QCOND = Heat rejected in condenser section ( B t u / h r )  
QSCLR = Heat rejected in subcooler section ( B t u / h r )  
LTOT = Total radiator tube  length ( f t )  
LCOND = Condenser section tube length ( f t )  
LSCLR = Subcooler section tube length ( f t )  
ATOT = Total  radiator  area ( f t  ) 
2 
FINW = Fin weight ( lbs )  
TINSUB = Inlet  temperature to  subcooler ( O R )  
DPIH = Inlet  header  pressure drop (psia)  
WILH = Inlet  header  weight ( lb s )  
TUBE WALL Thickness for  0 a 1 9 2 3 8  4 5 penetrations (inches) 
TUBWO = Tube weight - 0 penetrations  (lbs) 
TUBWl = Tube weight - 1 penetrations  (lbs) 
TUBWZ = Tube weight - 2 penetrations  ( lbs) 
TUBW3 = Tube weight - 3 penetrations (1 bs) 
TUBW4 = Tube weight - 4 penetrations  ( lbs) 
TUBW5 = Tube weight - 5 penetrations (1 bs) 
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Table E-2. O u t p u t  Data Definitions  (Cont'd) 
wo = Total radiator weight 0 penetrations (1 bs) 
w1 = Total radiator weight 1 penetrations (1 bs) 
w2 = Total radiator weight 2 penetrations (1 bs) 
w3 = Total radiator w e i g h t  3 penetrations (1 bs) 
w4 = Total radiator weight 4 penetrations ( l b s )  
w5 = Total radiator weight 5 penetrations (lbs) 
ACTUAL COND FIN Q = Calculated heat rejection from f in  in  
condenser section (Btu/hr) 
REQUIRED  FIN Q = Required f i n  heat rejection. For valid 
solut ion this  quant i ty  and the above must 
be nearly equal. 
WLQ = Weight o f  liquid  inventory i n  Subcooler  Section ( l b s )  
Error Messages 
If a valid solution cannot be determined for the combination o f  tube 
number and diameter chosen, error messages are printed and the 
program passes on to  the  next combination. Meaning of these mebsages 
i s summari zed bel ow. 
1 .O Required 11 greater than 0.99 
2.0 Length calculated  greater  than  available.  
3.0 Available two phase AP l e s s  than  zero. 
4.0 Too  many tubes to f i t  on circumference. 
5.0 Q subcooler less than  zero, 
6.0 Inlet   velocity  greater  than  sonic  velocity.  
7.0 Fin thickness  less  than .001". 
8.0 F i n  thickness  greater  than 0.1". 
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4. PROGRAM LISTING 
A l isting of the program  card deck i s  given in the following section. 
90R 
240 
Figure E-1. Optimization Program 
Listing 
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Figure E-1 . Optimization Program 
L i s t i n g  (cont 'd)  
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Figure E-1 . Optimization  Program 
L i s t i n g   ( c o n t ' d )  
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F i g u r e  E-1 . Opt imizat ion  Program 
L i s t i n g   ( c o n t ’ d )  
202 
I F ( T 1 . L T . T M I N M )   T 1 - T M I N M  
T T 7 = T 1  
T 2 = T  1 / 4 .  
I F ( T Z . L T . T M T N M )   T Z = T M I N M  
C A 7 = ( D I + L . : : T Z ) ~ ( ~ I / Z . + T l ) + ~ . ~ ~ ) (  ( , ) I + ~ . = T ~ ) = * ~ - D I ~ * Z = ~ . ) / R .  
T l = T T R  
I F ( T l . L T . T M T N h 1 )   T l = T M I h l M  
T T R = T 1  
T 2 = T 1 / 4 .  
T F ( T 2 . L T . T M T N M )   T Z - T M I h M  
C A R = ( D T + 2 . ~ T Z ) * ( D I / Z . + T 1 ) + ~ . 1 ~ ~ : ( ( ~ 1 + 7 . ~ T 2 ) ~ : ~ ~ - D 1 " ' s ~ 2 ~ ~ . ) / ~ .  
T l = T T 9  
I F ( T 1 . L T . T L l I N M )   T l = T M I N M  
T T 9 = T 1  
T Z = T l i L .  
IF (TZ .LT .TWIh I : . ! I   TZ=TMINM 
Figure E-1 . Optimization  Program 
L i s t i n g   ( c o n t ' d )  
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Figure E - 1 .  Optimization Pro  am 
Listing (cont'd 3 
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F i g u r e  E-1 . O p t i m i z a t i o n   P r o g r a m  
L i  s t i  ng ( c o n t  I d )  
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G O  T O  200 
E NQ 
Figure E-1. Optimization Program 
L i  s t i  ng (cont ' d) 
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L 
R H O T U B  
5 3 0 . 0  
K F I N O  
13.7 
T S N K  
565 .0  
A C O N E  
0 .  1 7 4 5  
UHF I 
500.0 
T O U T  
1 5 6 0 * 0  
DCONE 
7.3 
V I S V  
* 0000 12 
D l  = '1 * 000 D O  
110 
1 * O  
1 7 1 2 . 3  
Fi gure E- 2. Radi a t o r  O p t i  mi za ti on Program  Output 
5. AN  EXAMPLE  CASE 
The sample problem assumes that  a potassium stream a t  1200°F, 
flowing a t  1 .635 1 b/sec, i s  to  be condensed w i t h  an a1 1 owabl e two-phase 
pressure drop o f  0.25 ps ia .  
Designs are  to  be generated f o r  a 1.0 inch inside diameter tube with 
the number of  tubes  varying from 120 t o  160. Table E-3 gives SINDA i n p u t  
for th i s  problem. Table E-4 shows FORTRAN data  input  cards. The corres- 
ponding o u t p u t  i s  shown i n  Figure E-2 for  the  f i r s t  four  tube number 
combi na t ions  . 
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Table E-3. SINDA I n p u t  for Sample  Case 
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Table E-4. FORTRAN Data Input Cards for Sample  Problem 
Col. 1 -+lo Col. 11+20 Col. 21+30  Col 31+40 Col. 41+50 Col.  51eO  Col. 61+70 Col. .71+80 
42.8  19.5 1 .E4 .25  4.8  1660. 530.  500. 
198.  .005  -.1745 1 560. 98.15  39.5  1.63 
1.23E-5  823.  ,1835  7.32  .9  565. 23.1 1.  
9.844E- 5 500. 13.7  .4 
1 .  0.0 1 .  120. 2. 20. 
APPENDIX F 
_. RADI-ATOR. PERFORMANCE PROGRAM 
The radiator performance program i s  described i n  th i s  Appendix. 
Section 1, Program Abstract, gives a statement of the program's purpose 
and the  calculation  sequence.  Section 2 ,  Input Data List, defines the 
items  required i n  the i n p u t  data  block.  Section 3 ,  O u t p u t  Data List, 
defines terms used i n  the output data block. Section 4 ,  Program Listing, 
gives a print-out o f  the program card deck. Section 5,  An Example Case, 
gives the i n p u t  and o u t p u t  data f o r  an example case. 
21.1 
1. PROGRAM ABSTRACT 
This program was written to  ca lcu la te  performance of a given condensing 
rad ia tor  geometry.  Radiator inlet  condi t ions are  i n p u t  and the program 
calculates  out le t  condi t ions.  This program, i n  cont ras t  to  the optimiza- 
t i o n  program, i s  included as an integral par t  o f  the overall systems 
analysis model as a subroutine, RADP. The performance  subroutine, RADP, 
has ten arguments and requires  four  data  cards  for  each case. 
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2.  INPUT DATA LIST 
The subroutine, RADP, requires incoming arguments provided by the 
main performance program and a da ta  card block which i s  read a t  the 
s t a r t  of the program.  These i n p u t s  are defined i n  the following table. 
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Table F-1 . LIST OF SYMBOLS USED IN DATA BLOCK 
SYMBOL DESCRIPTION  UNITS  LIMIT 
Incoming Arguments 
TI Inlet  temperature 
PI Inlet   pressure 
XI In le t   qua l i ty  
Y Flag used i n  systems program 
WD Flow ra te  
I11 
y < 1.5 no data cards are read 
y > 1.5 data cards are read 
Print f l a g  
I11 < 1 write detai led output 
I11 > 1 simplified output 
CARD 1 (8E70.5) 
RHOL Li qu i  d densi t y  
CONL L i q u i d  K 
RHF F i n  densi ty  
RHT Tube dens i t y  
CON F Conductivity  nner f in  material 
O R  
psia 
1 b/mi n 
1 b/f  t3 
Btu/hr-ft-"R 
1 b / f t 3  
1 b/f t '  
Btu/hr-ft-"R 
Table F-1. LIST OF SYMBOLS USED IN DATA BLOCK (Cont 'd )  
SYMBOL DESCRIPTION UNITS LIMIT 
SU FT 
ACONE 














Working fluid gas constant 
Specific heat ratio 
Vapor viscosity 
Liquid specific heat 
F i n  emi ttance 
Equivalent sink temperature 
Liquid viscosity 
Density of outer f i n  material 
Conductivity of outer f i n  material 
THKR Outer t o  inner  fin  th ckness  ratio 
DCONE Diameter of cone a t  in le t  





1 b / f  t-sec 
1 b / f t 3  
Btu/hr-ft-"R 
f t  
Table F- 1 . LIST OF SYMBOLS USED IN DATA BLOCK (Cont'd) 
SYMBOL DESCRIPTION UNITS LIMIT 
CODF F lu id   t ype  code;  1.0 = potassium, 2.0 = sodium, 3.0 = cesium 
CARD 4 (4E10.5) 
TUBN Number of tubes i n  r a d i a t o r  
DI Tube inside  diameter  inches 
TFIN F i n   t h i  ckness  inches 
TLTH Radiator  tube 1 ength 





3. OUTPUT DATA LIST 
The subroutine, RADP, provides the main performance with output 
arguments, when called upon. 
The program also gives identification of the radiator and f luid 
used as an input check. Outlet conditions are given for each segment of  
the condensing section and a t  the outlet  of the radiator. 
The o u t p u t  arguments and output parameters are defined below. 
O u t p u t  Arguments 
T2 = Outlet  emperature ( O R )  
PO = Outlet pressure (psia) 
CTUBLG = Condensing length ( f t )  
ERR = Error indicator: ERR = 1 .Os valid solution 
ERR = 1.0 ,  r a d i a t o r  cannot condense 
ERR = 2.0,  condenser subcooler equations 
a l l  vapor 
non-convergent 
















Number of tubes 
Tube i ns i de di ameter ( i  nches ) 
Fi n t h i  ckness ( i  nches ) 
Total  tube  length ( f t )  
Fluid code 
Outlet quality from segment 
Heat rejected by segment ( B t u / h r )  
Tube wall temperature of segment ( O R )  
F i n  effectiveness of segment 
Outlet temperature from  segment ( O R )  
Radiator i n l e t  temperature ( O R )  
Radiator outlet temperature (OR) 
Radiator inlet  pressure (psia) 
Radiator outlet pressure (psia) 
Flow rate  ( lb /min )  
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4. PROGRAM LISTING 
A listing o f  the subroutine card deck i s  given below. 
Figure F-1 . Listing of Subroutine Deck 
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Figure F-1. L i s t i n g  o f  Subroutine Deck (cont 'd)  
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I 
F i g u r e  F-1 . L i s t i n g  o f  S u b r o u t i n e  Deck ( c o n t ' d )  
220 
5. AN EXAMPLE CASE 
The radiator used for  an example case i s  one o f  twel ve in a 1 arger 
capillary pumped system i n  which  potassium i s  the working fluid. Table 





Table F-2. Data Input   for  Sample Problem 
Col. 1 '10 Col. ll+20  Col. 21+30 Col. 31+40 Col. 41+50 Col. 51+60 Col. 61+70 Col, 71+80 
42.8  19.5 1 .E4 530.  500.  198. .005 -. 1745 
39.5  1.63  1.23E-5  .1835  .9  565,  9.84E-5 
500. 13.7  .4  7.32 1 .  
11 .   1 .  .0102  16.92  30. 
INPUT ARGUMENTS. T i n  = 1660 O R  
' in  = 4.8  psia 
WD = 8.1 lb /min  
XI = 1.0 
I1  
I 





























Heat  t ransfer  area i n  a c a p i l l a r y  pump 
I n s i d e  s u r f a c e  a r e a  o f  t h e  r a d i a t o r  t u b e  
Cross  sec t i ona l  a rea  o f  t he  1 i q u i d  l i n e  
Cross  sec t i ona l  a rea  o f  t he  vapor  l i ne  
Corre la t ing parameter  which g ives the impor tance of  sur face tens ion 
on two  phase f r i c t i o n .  
Speed o f  sound i n  armor mater ia l  
Diameter o f  m e t e o r o i d  
Diameter o f  t h e  r a d i a t o r  t u b e s  
Diameter of t h e  v a p o r  l i n e  
Diameter of  t h e  l i q u i d  l i n e  
F r i  c t i  on f a c t o r  
Condensing potassium heat t ransfer coeff ic ient  
Working f l u i d  vapor enthalpy a t  T1 ( s a t u r a t e d ) .  
Subcooled working f l u i d  e n t h a l p y  a t  t h e  i n l e t  t o  t h e  c a p i l l a r y  
pump. 
The c o s i n e  o f  t h e  e f f e c t i v e  w e t t i n g  a n g l e  
Thermal c o n d u c t i v i t y  o f  t h e  w o r k i n g  f l u i d  l i q u i d  
Thermal c o n d u c t i v i t y  o f  t h e  m e t a l  w a l l  separat ing the condensing 
po tass ium and the  cap i l la ry  pump w o r k i n g  f l u i d .  
Thermal c o n d u c t i v i t y  o f  t h e  c a p i l l a r y  pump w o r k i n g  f l u i d  
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L Length 
L V  
Length of the vapor l ine  = L12 
Lt Spacing between radiator tubes 
AL Length of the  radiator 
m Meteoroid mass 
Mcrit Min imum mass meteoroid which will  j ive a penetration 
N Flux density  of  meteoroids  or a working fluid  property group 
( p x < / p  ) or  the number of capi l lary pumped loops. 
n Total number of impacts 
Nu Nussel t number ( h D / k )  
Nt Number of radiator tubes 
P Pressure 
Pe Peclet number (Re)(Pr) 
P(N ) Probabi 1 i ty of N or less punctures 1 1 
p1 Saturation pressure of the working f l u i d  a t  T1 
p4 Pressure a t  the  inlet  to  the capi l lary pump surface tension 
AP1 +2 Pressure drop  through the vapor 1 ine 
Ap3+4 Pressure d r o p  through the liquid line 
P Probability o f  an impact result ing i n  a puncture 
QP Heat t ransfer  ra te  i n  the capillary pump 
QT Heat t ransfer  ra te  from the radiator 
R Effective  radius of the wick 
Re Reynolds number = - P vD 
!J 
TK Condensing potassi um temperature 
TO 
Temperature of ultimate sink (space) 
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AT . Temperature  drop from the condensing  potassium to  the working 
f lu id  vapor 
Tf Main can radiator f l u i d  temperature 
TW 
Temperature of the radiator tube wall 
Ts k Ultimate s i n k  temperature = To 









Working f l u i d  vapor temperature entering the radiator 
Temperature of the l i q u i d  leaving the radiator 
Requi red armor thickness 
Overall heat transfer coefficient i n  a capil lary pump 
Vel oci t y  
Meteoroid velocity = 25 Km/sec (specified) 
The steady state mass flow rate i n  a capil lary pumped loop 
The mass flow r a t e   a t  p o i n t  i i n  a capi 1 l a ry  pumped loop  
Metal wall thickness separating the condensing potassium and the 
capillary pump working f l u i d  
Gap thickness between the metal wall and the screen wick Ax f 
n Quality o f  working f l u i d  i n t o  a r a d i a t o r  node 
XoUt Q u a l i t y  o f  working f l u i d  o u t  o f  a r a d i a t o r  node 
a Damage thickness  parameter = 1 . 7 5  (specified) 
B Specified  constant = 1.22  
Y Material  cratering  coefficient = 2 (specified) 
CL Specified constant = gm1.22/m2sec 
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E m i s s i v i t y  o f  t h e  r a d i a t o r  
Surface tension of the  work ing  f lu id  
Mean f i n  e f f e c t i v e n e s s  
La ten t  
Vi scos 
Vi scos 
h e a t  o f  v a p o r i z a t i o n  o f  t h e  w o r k i n g  f l u i d  
i t y  o f  l i q u i d  i n  t h e  l i q u i d  l i n e  
i ty of vapor i n   t h e   v a p o r  1 i n e  
V i s c o s i t y  o f  t h e  w o r k i n g  f l u i d  l i q u i d  
Densi ty  
Meteoro id  densi ty  = 0.5 gm/cm (spec i f i ed )  3 
Armor mater i  a1 dens i ty  
Densi ty  of  l i q u i d  i n  t h e  l i q u i d  l i n e  
Density of the vapor i n  the vapor 1 i ne 
Working f l u i d  vapor densi ty leaving the pump 
Working f l u i d  l i q u i d  d e n s i t y  e n t e r i n g  t h e  pump 
Stefan-Boltzmann's constant 
Mission Time 
M a r t i n e l l i - N e l s o n  f r i c t i o n  f a c t o r  m u l t i p l i e r  f o r  two  phase f l o w  
.NASA-Langley, 1971 - 22 E- 6 378 
I 
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